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Abstract 
Oxygen is used for a wide range of applications, with a globally projected production 
capacity of 1.8 million tonne per day in 2020. Depending on the economic range and 
the required purity, various methods are used to extract oxygen. Conventionally, 
cryogenic air separation is used for the large to medium production scale, 
characterised by high purity oxygen and relatively low energy consumption, whilst 
pressure swing adsorption (PSA) is widely used for the small-scale production, with 
lower oxygen purity and higher energy consumption. A high-efficiency system for 
high purity oxygen production based on the integration of solid oxide- fuel and 
electrolysis cells (SOFC and SOEC) was first proposed by Iora and Chiesa in 2009. 
However, the lack of a detailed methodology and the novelty of such a system 
necessitated a system-level energy analysis with an emphasis on the SOFC and SOEC 
to understand the nature of thermal and electrical coupling between them. Here, the 
initial feasibility of the system has been evaluated considering the lumped-parameter 
modelling of the SOFC, SOEC and balance of plant. A system energy consumption 
that is significantly less than that of PSA systems was predicted, and a significant 
contribution of the stack energy consumption to the overall system energy 
consumption was observed, suggesting the need for a thorough examination of the 
electrochemical models. Therefore, the parameter estimation technique has been 
implemented to validate the electrochemical models based on a 5-cell stack and a 
single repeating unit SOEC experimental data. A good agreement was obtained 
between the experimental and model-predicted cell potential across all operating 
conditions, and key electrochemical parameters were estimated with confidence. The 
validated electrochemical model has then been integrated into a newly-developed one-
dimensional model of a planar SOFC-SOEC stack to further improve the predictions 
of the stack and system performance. Significant contributions of experimental 
validation and distributed modelling on enhancing the predictions of the stack model 
were observed. The advantages of the system over PSA systems in terms of energy 
efficiency and oxygen purity were confirmed. A potential design point of the system 
was selected via a techno-economic study, revealing an extremely low contribution  
of the electricity cost to the total cost of production. An adequate thermal integration 
at both the stack and system levels were demonstrated at the design point.  
5 
 
Acknowledgments 
 
 
I would like to extend my utmost appreciation towards the many individuals who 
have provided support throughout the completion of my PhD Thesis. Above all, my 
deepest gratitude is to Allah, for giving me the strength and courage to undertake and 
complete this study.  
  
I would like to express my sincere thanks to Prof. Nigel Brandon who believed in me 
and encouraged me throughout this process. This research project would not have 
been possible without his abundant support, invaluable guidance and valued 
knowledge. I would also like to extend my gratitude and grateful appreciation to my 
co-advisors Prof. Claire Adjiman and Prof. Raed Hashaikeh for their invaluable effort, 
knowledge and support throughout the various stages of this research. 
  
I would like to give my heartfelt appreciation to H.E. Dr. Sultan Al Jaber, Minister of 
State in the United Arab Emirates, Chairman of Masdar and Chairman of the 
Executive Committee of the Board of Trustees of Masdar Institute, who despite an 
extremely busy schedule, took the time to visit and follow up encouraging me to 
succeed. His belief in me provided the motivation to carry on. Also, a special thanks 
to Prof. Youssef Shatilla at Masdar Institute for his unlimited support and guidance. A 
special acknowledgment goes to my sponsor, Masdar Institute for their financial 
support throughout this research project. 
 
I would like to thank Dr. Paulo Iora for his time and effort in helping me expand this 
project, in particular for our collaboration in the co-development of the 1-D SOFC-
SOEC stack model. Many thanks are also due to the RelHy European Project partners, 
namely EIFER and CEA, for facilitating my student exchange visits whilst staying in 
Germany and France. Likewise, special thanks are directed to Dr. Annabelle Brisse 
and Dr. Josef Schefold from EIFER for helping me conduct the SOEC stack test as 
well as to Dr. Florence Lefebre-Joud and Dr. Marie Petitjean from CEA for supplying 
the SOEC SRU data and experimental procedure.  
   
6 
 
I would like to thank all members of Prof. Brandon’s fuel cell group at the college, 
especially Dr. Qiong Cai, for their great company and for being invaluable source of 
knowledge and experience. Special thanks to Mrs. Leena Lindholm-White for her 
kindness and administrative support. 
 
To my friends whom I met in London – Ahmed, Zaki, Ali and Eissa – thank you very 
much for your kindness, time and life-long friendships. As an expatriate who lived 
abroad, I never felt lonely because of your great company.  
 
Finally, I would like to express my profound love and gratitude to my parents, wife, 
children and extended family for their tolerance, patience and continuous support 
throughout the duration of my studies – without them, this would not have been 
possible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7 
 
 
 
 
 
 
 
 
 
 
 
 
 
To H.H. Sheikh Mohamed bin Zayed Al Nahyan, a great leader with the ingenuity 
and passion for educating the youth and future generations of                                            
the United Arab Emirates 
 
 
 
 
 
To my parents, Asaad and Sabah, who encouraged, supported and                
motivated me to fulfill my dreams 
 
 
 
 
 
To my wife, Mona and children, Mahra, Khalifa and Salama, who are                   
the source of my strength and happiness 
 
 
 
 
 
8 
 
 
Table of Contents 
 
 
Abstract .......................................................................................................................... 4 
Acknowledgments.......................................................................................................... 5 
Table of Contents ........................................................................................................... 8 
List of Figures  ............................................................................................................. 12 
List of Tables ............................................................................................................... 15 
Nomenclature ............................................................................................................... 19 
 
 
Chapter 1 
Introduction 
1.1. Oxygen Global Market .......................................................................................... 23 
1.2. Oxygen Production Technologies ......................................................................... 25 
1.3. SOFC-SOEC Integration for Oxygen Production................................................. 31 
1.4. Research Objectives .............................................................................................. 32 
1.5. Thesis Outline ....................................................................................................... 34 
References .................................................................................................................... 35 
 
 
Chapter 2 
Background and Literature Review 
2.1. Introduction ........................................................................................................... 43 
2.2 Types of Fuel Cells and Electrolysers ................................................................... 44 
2.3 Thermodynamics of SOFC and SOEC .................................................................. 46 
2.4 Electrochemistry of SOFC and SOEC ................................................................... 50 
2.5 Structure and Materials for SOFC and SOEC ....................................................... 53 
2.6 Modelling of SOFC and SOEC ............................................................................. 58 
2.7 Electrochemical Model Validation ........................................................................ 64 
2.8 Conclusions ............................................................................................................ 68 
References .................................................................................................................... 70 
 
9 
 
Chapter 3 
Energy Analysis of SOFC-SOEC Integration for High Purity Oxygen 
Production: Lumped-parameter Approach 
3.1. Introduction ........................................................................................................... 78 
3.2. SOFC-SOEC Process Description and Merits ...................................................... 79 
3.3. Model Description and Assumptions .................................................................... 82 
3.3.1. Solid Oxide Fuel Cell (SOFC) ....................................................................... 83 
3.3.2. Solid Oxide Electrolysis Cell (SOEC) ........................................................... 85 
3.3.3. Compressor/ Air Blower ................................................................................ 86 
3.3.4. Multi-stage Compressor ................................................................................. 87 
3.3.5. Recuperator .................................................................................................... 88 
3.4. Simulation Results and Discussion ....................................................................... 89 
3.4.1. Input Parameters and Operating Conditions .................................................. 90 
3.4.2. Model Validation (Baseline Case) ................................................................. 92 
3.4.3. Effect of Operating Temperature ................................................................... 95 
3.4.4. Effect of SOEC Anode Pressure .................................................................... 98 
3.4.5. Effect of Current Density ............................................................................. 100 
3.5. Conclusions ......................................................................................................... 106 
References .................................................................................................................. 108 
 
 
Chapter 4 
Experimental Validation of the SOEC Electrochemical Model Using Stack                          
and Single Repeating Unit Data 
4.1. Introduction ......................................................................................................... 112 
4.2. Experimental ....................................................................................................... 113 
4.2.1. SOEC Materials and SRU Stack Description .............................................. 115 
4.2.2. Experimental Procedure ............................................................................... 116 
4.2.3. Data Acquisition and Processing ................................................................. 117 
4.3. Electrochemical Model Description ................................................................... 119 
4.3.1 Reversible, Open Circuit Potential (OCP) .................................................... 120 
4.3.2 Activation Overpotentials ............................................................................. 120 
4.3.3 Ohmic Losses ................................................................................................ 121 
4.4. Parameter Estimation .......................................................................................... 122 
10 
 
4.5. Material Properties .............................................................................................. 123 
4.5.1. Fixed Parameters .......................................................................................... 124 
4.5.2. Estimated Parameters ................................................................................... 127 
4.6. Results and Discussion ....................................................................................... 130 
4.6.1. Model Discrimination: Significance of the Contact Resistance .................. 132 
4.6.2. Results of Parameter Estimation .................................................................. 133 
4.6.3. Uncertainty in the Thickness of Cell Layers................................................ 140 
4.6.4. Symmetry between SOEC and SOFC Operation......................................... 141 
4.7. Conclusion .......................................................................................................... 141 
References .................................................................................................................. 143 
 
 
Chapter 5 
Energy Analysis of SOFC-SOEC Integrationfor High Purity Oxygen 
Production: One-dimensional SOFC-SOEC Stack Model                       
Development and Application 
5.1. Introduction ......................................................................................................... 149 
5.2. 1-D SOFC-SOEC Stack Model Description ....................................................... 150 
5.2.1. Mass Balances .............................................................................................. 151 
5.2.2. Energy Balances........................................................................................... 153 
5.2.3. Electrochemical Model ................................................................................ 157 
5.3. Simulation Results and Discussion ..................................................................... 159 
5.3.1. Input Parameters and Operating Conditions ................................................ 159 
5.3.2. Model Accuracy: Significance of Experimental Validation and Distributed 
Modelling of the SOFC-SOEC Stack .................................................................... 163 
5.3.3. Effect of Operating Temperature ................................................................. 168 
5.3.4. Effect of Current Density ............................................................................. 172 
5.3.5. Techno-economic Considerations ................................................................ 175 
5.3.6. System and Component Performance at the Design Point .......................... 179 
5.4. Conclusions ......................................................................................................... 186 
References .................................................................................................................. 188 
 
 
 
 
11 
 
Chapter 6 
Conclusions and Future Work 
6.1. Main Conclusions ............................................................................................... 192 
6.2. Future Recommendations ................................................................................... 194 
 
 
Appendix A 
Experimental Data of the 5-cell SOEC Stack Test ............................................... 197 
 
 
Appendix B 
Input Parameters for the Electrochemical Model of Cathode-supported SOECs 
Used in the 5-cell Stack Test ................................................................................... 198 
 
 
Appendix C 
Materials from the Published 1-D Stack Model Journal Paper by Iora et al. ... 199 
 
 
Appendix D 
Calculation of the Recuperator Heat Exchange Area .......................................... 202 
 
 
Appendix E 
Permission to Reproduce Third Party Copyrighted Works ................................ 205 
 
 
List of Publications and Conference Presentations .............................................. 226 
 
 
 
 
 
 
 
 
12 
 
List of Figures  
Figure 1.1. Global oxygen production capacities by geographical area (actual in 2010 
and forecast in 2020)  ................................................................................................... 23 
Figure 1.2. Cost of oxygen as a function of demand rate and supply mode ................ 24 
Figure 1.3. Double-column design for cryogenic air separation ................................. 26 
Figure 1.4. Integration of the pressure-driven, high-temperature membrane technology 
for oxygen production with power generation  ............................................................ 29 
Figure 1.5. Simplified diagram of the SOFC-SOEC process for oxygen production.. 31 
Figure 2.1. Total, electrical and thermal energy demands for H2O dissociation reaction 
at different temperatures  ............................................................................................. 48 
Figure 2.2. Thermal energy required by the steam electrolysis reaction (T S ) and 
that generated by irreversible losses ( 2 totalF ) as a function of current density for an 
SOEC operated at a temperature of 1023 K, pure O2 at anode and average cathode 
composition of 54% H2O and 46% H2  ........................................................................ 50 
Figure 2.3. Experimental polarisation curves for a solid oxide cell operated  in 
electrolysis and fuel cell modes at different temperatures ........................................... 51 
Figure 2.4. A diagram of SOFC indicating the cell PEN structure, interconnects and 
stack     ......................................................................................................................... 54 
Figure 2.5. (a) tubular, (b) planar and (c) monolithic geometries for the SOFC and 
SOEC   ......................................................................................................................... 55 
Figure 3.1. System flowsheet for the SOFC-SOEC process for oxygen production ... 80 
Figure 3.2. Proposed SOFC-SOEC stack for oxygen production  ............................... 81 
Figure 3.3. Energy balance on the recuperator for the baseline case at the operating 
temperature of 1023 K ................................................................................................. 89 
Figure 3.4. Composite curve for the baseline case (Case A) ....................................... 95 
13 
 
Figure 3.5. Model-predicted polarisation curves for the SOFC and SOEC operating at 
temperatures of 973, 1023 and 1073 K ........................................................................ 96 
Figure 3.6. Model-predicted polarisation curves for the SOFC and SOEC operating at 
a temperature of 1073 K and an SOEC anode pressure of 1.013 bar ........................ 101 
Figure 3.7. Comparison of the specific energy consumption for different oxygen 
production technologies ............................................................................................. 105 
Figure 4.1. Topsoe 5-cell short stack tested at EIFER  .............................................. 114 
Figure 4.2. Experimental polarisation curves obtained from the CEA SRU test at 
different temperatures and gas compositions  ............................................................118 
Figure 4.3. Percentage deviation between measured and model-predicted potential for 
the CEA SRU with and without the contact resistance term ..................................... 132 
Figure 4.4. Experimental and model-predicted polarisation curves for the CEA SRU 
at the cathode inlet composition of 89.5% H2O and 10.5% H2 and the temperature of: 
(a) 1023 K, (b) 1073  K and (c) 1123 K ..................................................................... 137 
Figure 4.5. Experimental and model-predicted polarisation curves for the CEA SRU 
at the cathode inlet composition of 68.5% H2O and 10% H2 (balance N2) and the 
temperature of: (a) 1023 K, (b) 1073  K and (c) 1123 K ........................................... 138 
Figure 4.6. Experimental and model-predicted polarisation curves for the CEA SRU 
at the cathode inlet composition of 48.5% H2O and 10% H2 (balance N2) and the 
temperature of: (a) 1023 K, (b) 1073  K and (c) 1123 K ........................................... 139 
Figure 5.1. Schematic view of the planar co-flow SOFC-SOEC unit-cell illustrating 
mass and heat transfer within the eight sub-volumes ................................................ 151 
Figure 5.2. System flowsheet for the SOFC-SOEC process for oxygen      
production...................................................................................................................163 
Figure 5.3. Overpotential terms predicted using the validated and non-validated 
electrochemical models evaluated at a temperature of 1073 K, pressure of 1.013 bar 
and current density of 500 A/m2 (Case E conditions)................................................ 164 
14 
 
Figure 5.4. Model-predicted energy consumption of the SOFC-SOEC system in 
comparison with conventional technologies for oxygen production..........................175 
Figure 5.5. Annualised capital cost, annual energy cost and equivalent annual cost 
(EAC) of the system as a function of current density, evaluated at the operating 
conditions listed in Table 5.3 and a temperature increase across the SOFC cathode of 
100 K (Economic assumptions are given in Table 5.11) ........................................... 177 
Figure 5.6. Thermal energy required by the steam electrolysis reaction (T S ) and 
that generated by the SOEC overpotentials ( 2 totalF ) as a function of current density 
for the SOEC component evaluated at a temperature of 1123 K, pure O2 at its anode 
and 50/50 mol% of H2O/H2 at its cathode…………………………………….…….180 
Figure 5.7. Model-predicted temperature profiles of the SOFC PEN, SOFC-SOEC 
Interconnect and SOEC PEN at the system design point .......................................... 181 
Figure 5.8. Composite curve of the recuperator at the system design point .............. 183 
Figure 5.9. Contribution of the SOFC-SOEC stack and the balance of plant to the 
overall system electrical energy demand at the system design point......................... 185 
Figure C.1. Energy consumption of the SOFC-SOEC system and its components as a 
function of the fuel and steam utilisation evaluated at the reference case………….199 
Figure C.2. Model-predicted current density profiles of the SOFC and SOEC    
evaluated at the reference case………………………………..…………………….200 
Figure C.3. Model-predicted molar fraction profiles along the SOFC anode and 
cathode evaluated at the reference case………………...………………………...…200 
 
Figure C.4. Model-predicted molar fraction profiles along the SOEC cathode              
evaluated at the reference case……………………………………………………...201 
Figure D.1. Composite curve of the recuperator for ‘Case 5.A’……………………203 
 
 
 
 
15 
 
List of Tables  
 
Table 2.1:  Fuel cells types and a summary of their characteristics  ........................... 44 
Table 2.2: Example of different materials used in IT-SOFC  ...................................... 56 
 
Table 3.1:  Input parameters and operating conditions of the SOFC-SOEC system for 
the baseline case ........................................................................................................... 91 
Table 3.2: Comparison between the energy metrics of the system for the baseline 
conditions simulated in this study (Case A) and the published results in the reference 
analysis  ........................................................................................................................ 93 
Table 3.3: Comparison between the energy metrics of the system for the operating 
temperatures of 973 K (Case B) and 1023 K (Case A)................................................ 97 
Table 3.4: Comparison between the energy metrics of the system for the operating 
temperatures of 1073 K (Case C) and 1023 K (Case A) .............................................. 98 
Table 3.5: Comparison between the energy metrics of the system at the SOEC anode 
pressures of 1.013 bar (Case D) and 0.1 bar (Case A) ................................................. 99 
Table 3.6: Comparison between the energy metrics of the system at a temperature of 
1073 K, SOEC anode pressure of 1.013 bar and current densities of 250 A/m2 
(Case F) and 500 A/m2 (Case E) ................................................................................ 102 
Table 3.7: Comparison between the energy metrics of the system at a temperature  of 
1073 K, SOEC anode pressure of 1.013 bar and current densities of 750 A/m2 
(Case G) and 500 A/m2 (Case E) ............................................................................... 103 
 
Table 4.1: Definition of the terms used in the Maximum Likelihood Objective 
Function  .................................................................................................................... 122 
16 
 
Table 4.2: Summary of the fixed parameters for the ECN electrolyte-supported cell 
used in the CEA SRU test .......................................................................................... 126 
Table 4.3: Bounds and initial guesses of the estimated parameters for the ECN 
electrolyte-supported cell used in the CEA SRU test ................................................ 129 
Table 4.4: Estimated parameters from the fit of EIFER stack test data into the 
electrochemical model for cathode-supported SOEC ................................................ 130 
Table 4.5: Estimated parameters from the fit of CEA SRU test data into the 
electrochemical model for electrolyte-supported SOEC ........................................... 133 
Table 4.6: Confidence intervals for the estimated parameters from the CEA SRU test 
data fit into the electrochemical model for electrolyte-supported SOEC .................. 135 
Table 4.7: Correlation matrix for the estimated parameters from the CEA SRU test 
data fit into the electrochemical model for electrolyte-supported SOEC .................. 135 
Table 4.8: Estimated values and confidence intervals for the ionic conductivity pre-
exponential factor of different electrolyte thickness .................................................. 140 
 
Table 5.1: Chemical reactions associated with the SOFC-SOEC stack operation .... 153 
Table 5.2: Physical properties and dimensions of the SOFC-SOEC unit-cell ........... 161 
Table 5.3: Input operating conditions and simulation assumptions of the SOFC-SOEC 
system for oxygen production (Figure 5.2)................................................................ 162 
Table 5.4: Stack operating voltages and electricity consumption predicted using the 
validated and non-validated electrochemical models only, evaluated at a temperature 
of 1073 K, pressure of 1.013 bar and current density of 500 A/m2 (Case E 
conditions)………………………………………………………………………..    164 
 
 
17 
 
Table 5.5: Stack operating voltages and electricity consumption predicted using the 
1-D stack model comprised of the mass, energy and validated electrochemical sub-
models, and the 0-D validated electrochemical model only, evaluated at a temperature 
of 1073 K, pressure of 1.013 bar and current density of 500 A/m2 (Case E 
conditions)…………………………………………………………………………. 166 
Table 5.6: Stack operating voltages and electricity consumption predicted using the 
1-D stack model comprised of the mass, energy and validated electrochemical sub-
models, and the 0-D non-validated electrochemical models, evaluated at a temperature 
of 1073 K, pressure of 1.013 bar and current density of 500 A/m2 (Case E conditions)  
……………………………………………………………………………………... 167 
Table 5.7: Comparison between the energy metrics of the system at the operating 
conditions in listed Table 5.3, current density of 500 A/m2 and temperature increase 
across the SOFC cathode of 100 K (Case 5.B) and 50 K (Case 5.A) ........................ 170 
Table 5.8: Comparison between the energy metrics of the system at the operating 
conditions listed in Table 5.3, current density of 1000 A/m2 and temperature increase 
across the SOFC cathode of 100 K (Case 5.D) and 50 K (Case 5.C) ........................ 170 
Table 5.9: Comparison between the energy metrics of the system at the operating 
conditions listed in Table 5.3, temperature increase across the SOFC cathode of 100 K 
and current densities of 1000 A/m2 (Case 5.D) and 500 A/m2 (Case 5.B) ................ 172 
Table 5.10: Stack operating voltages and electrical energy consumption of the system 
as a function of current density, evaluated at the operating conditions in Table 5.3 and 
a temperature increase across the SOFC cathode of 100 K ....................................... 174 
Table 5.11: Economic assumptions for the equivalent annual cost (EAC) 
calculation…………………………………………………………………………. 176 
Table 5.12: Process properties by state point for the system flowsheet (Figure 5.2), 
evaluated at the system design point (operating conditions of Table 5.3, temperature 
increase across the SOFC cathode of 100 K and current density of 500 A/m2) ........ 179 
18 
 
Table 5.13: Recuperator characteristics at the operating conditions listed in Table 5.3, 
500 A/m2 current density and temperature increases across the SOFC cathode of 
100 K (the design point, Case 5.B) and 50 K (Case 5.A) .......................................... 184 
 
Table A.1: Experimental polarisation curve data obtained from the EIFER 5-cell stack 
test at different operating temperatures and cathode inlet gas compositions ............. 197 
 
Table B.1: Fixed parameters for the electrochemical model of cathode-supported 
SOECs used in the EIFER 5-cell stack test ............................................................... 198 
 
Table E.1: Permission summary table for third party copyrighted works ………… 205 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
19 
 
Nomenclature 
 
Acronyms 
AEC  alkaline electrolysis cell 
BoP    balance of plant 
CHP  combined heat and power 
EAC  equivalent annual cost 
EC  electrochemical 
EIS  electrochemical impedance spectroscopy 
GDC  gadolinia doped ceria 
IT  intermediate temperature 
LMTD  log mean temperature difference 
LSCF  lanthanum strontium cobalt ferrite 
LSM  strontium doped lanthanum manganite 
MIEC  mixed ionic and electronic conducting 
OCP  open circuit potential 
PEMEC polymer electrolyte (or proton exchange) membrane electrolysis cell 
PEN  positive electrode-electrolyte-negative electrode 
PSA  pressure swing adsorption 
SOEC  solid oxide electrolysis cell 
SOFC  solid oxide fuel cell 
SRU  single repeating unit 
TEC  thermal expansion coefficient 
TPB  triple phase boundary 
TPD  tonne per day 
YDC  yttria doped ceria 
YSZ  yttria stabilised zirconia 
20 
 
Letters and Symbols 
,i jC   molar concentration of component i in sub-volume j     mol/m
3  
pc   specific heat capacity         kJ/(kg
 K) 
HD   hydraulic diameter of the gas flow channels       m 
E   mass-specific electricity        kWh/kg O2  
electrodeE  electrode activation energy         kJ/mol 
ionicE   electrolyte ionic conductivity activation energy     kJ/mol 
e   molar-specific internal energy       kJ/mol 
F   Faraday's constant  (96485)          C/mol  
H   sub-volume height (for gas flow channels)  
or thickness (for solid components)       m 
ih   molar-specific enthalpy of component i       kJ/mol
 
F
ih   enthalpy of formation of component i       kJ/mol 
  molar-specific enthalpy change of component i from  
the reference temperature (298 K) to the local temperature     kJ/mol 
ˆ
jh   mass-specific enthalpy of stream j        kJ/kg
 
I   current           A 
j   current density         A/m2 
0, electrodej  electrode exchange current density       A/m
2 
k   convective heat transfer coefficient       kJ/(m2 s K) 
electrodek  electrode pre-exponential factor       S/m
2 
ionick   electrolyte ionic conductivity pre-exponential factor     K S/m 
L   cell length          m 
   mass flow rate          kg/s 
Nu   Nusselt number         -    
   molar flow rate          mol/s 
P   pressure          Pa 
electricP   electrical power          W 
ip   partial pressure of component i         bar 
Q   thermal energy          W 
21 
 
,act electrodeR  electrode activation polarisation resistance      Ω m
2 
ContactR   contact resistance         Ω m
2 
kR   rate of reaction k          mol/(m
2 s) 
OhmR   ohmic resistance          Ω m
2 
   gas constant  (8.314)         J/(K mol)  
T   temperature          K 
t   time             s 
U   operating potential         V 
revU   reversible (open circuit) potential       V 
0U   standard potential         V 
fU   reactants utilisation factor        % 
TNU   thermoneutral potential        V 
u   velocity          m/s 
W   cell width          m 
x   axial position          m 
iy   molar fraction of component i        - 
 
 
Greek Letters 
     charge transfer coefficient        - 
     specific heat ratio (
p vc c )         - 
G   Gibbs free energy change of the reaction      kJ/mol 
0G   Gibbs free energy change of the reaction at standard   
pressure (1 bar)          kJ/mol 
H   enthalpy change of the reaction       kJ/mol 
0H   enthalpy change of the reaction at standard pressure (1 bar)    kJ/mol 
S   entropy change of the reaction       kJ/(mol K) 
0S   entropy change of the reaction at standard pressure (1 bar)    kJ/(mol K) 
   emissivity           - 
,act electrode  electrode activation overpotential        V 
22 
 
isen   isentropic efficiency of a compressor       % 
mech   mechanical efficiency of a compressor      % 
Ohm   ohmic losses           V 
total   total cell overpotential         V 
   thermal conductivity         kJ/(m s K) 
   density           kg/m3 
   Stefan-Boltzmann constant  (5.67 10-8)      W/(m2 K4)  
electrode  electrode electronic conductivity       S/m 
electrolyte  electrolyte ionic conductivity         S/m  
   layer thickness         m 
,i k   stoichiometric coefficient of component i in reaction k       -   
 
 
Subscript 
an   anode 
ca   cathode 
cons   consumption 
gen   generation 
i   component  
in   inlet  
j   stream or sub-volume number (I-IV) within the unit-cell (Figure 5.1)  
k   reaction number as in Table 5.1  
m   SOFC or SOEC 
n   anode or cathode 
out   outlet  
  
  
Superscript 
0     inlet feed conditions 
23 
 
Chapter 1 
 
Introduction 
 
1.1. Oxygen Global Market 
 
Oxygen is used for a wide range of applications, with globally installed and projected 
production capacities of 1.2 and 1.8 million tonne per day (TPD) in 2010 and 2020, 
respectively [1]. A demand for new (expansion and replacement) oxygen production 
capacity of 0.9 million TPD is forecast by 2020 that is mainly driven by Asia as 
shown in Figure 1.1, with an expected market distribution of 45, 42 and 13% for the 
gasification, steel and chemicals industries [1]. Traditionally, however, the largest 
consumer of the global oxygen production is the steel industry with a share of 48%, 
followed by the chemicals industry which consumes 19% and includes the refining, 
petrochemical, agrochemical, pharmaceutical and oleochemical industries [2]. The 
remaining oxygen output is utilised in various applications including, but not limited 
to, medical use for hospitals and individuals; metal cutting, welding and fabrication; 
and eco-friendly applications including waste water treatment, waste incineration and 
oxy-fuelling or gasification for carbon capture and storage (CCS). 
Figure 1.1. Global oxygen production capacities by geographical area 
(actual in 2010 and forecast in 2020) [1] (Image Courtesy of  
Air Products and Chemicals, Inc.) 
24 
 
Various oxygen supply modes exist in the market depending on the rate of oxygen 
consumption. On-site generation (or pipeline) supply mode delivers oxygen at large 
and fixed volumes under 15-20 year take-or-pay contracts that are indexed to energy 
prices, inflation and currency [1,3]. Oxygen can also be supplied as bulk liquid under 
3-5 year contracts for customers with smaller or fluctuating demand, where oxygen is 
transported and stored in the liquid phase and vaporised as needed at the point of use 
due to the volume constraint (volume of liquid < 0.1% volume of gas) [1,4]. For the 
smallest demand, oxygen can be supplied for direct consumption as compressed gas 
in tube trailers or cylinders [3,5]. Oxygen market leaders are Air Liquide, the Linde 
Group, Praxair, and Air Products and Chemicals.   
 
 
 
Figure 1.2. Cost of oxygen as a function of demand rate and supply mode [5]  
(Image courtesy of Wiley-VCH) 
 
 
Oxygen unit cost is highly dependent on the rate of consumption and supply mode, 
and varies significantly as illustrated in Figure 1.2 [5]. As can be seen, oxygen cost 
decreases with increasing volume, where cylinders and on-site supply modes are the 
most and least expensive, respectively. For instance, the unit cost of oxygen supplied 
as bulk liquid is higher than that of oxygen gas produced on-site since the end-user 
ends up paying additional costs related to losses occurring throughout the delivery 
journey of the shipping trailer [6]. Additional costs include: the cost of liquefying 
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oxygen which is twice the energy consumption of producing oxygen gas; capital cost 
associated with liquefying and storing bulk liquid in large tanks; capital and operating 
costs related to the transportation of liquid bulk in bulk trailers or by rail to the end-
user site; and losses associated with unloading bulk liquid from bulk trailers to the 
end-user storage tank (e.g. venting the tank before refilling and residual liquid oxygen 
in trailers when the tank is full) [6]. Similarly, the unit cost of oxygen gas that is 
delivered via tube trailers or cylinders is higher than that of the bulk liquid, where the 
former is sourced as a by-product from the latter [3], with many additional costs on 
top of the liquid oxygen production cost. 
 
 
1.2. Oxygen Production Technologies 
 
Various methods are used to separate oxygen from air depending on the production 
scale and the required purity. At present, the conventional technologies for oxygen 
production are cryogenic and adsorption-based air separation systems. Cryogenic air 
separation is the most mature and cost-effective technology for the medium to large 
“tonnage” plants producing 100 to more than 4000 TPD at high purity (> 95%) [7-9]. 
This technology dates back to 1910 when Carl von Linde had introduced a double-
column design with a condenser-reboiler in between for the rectification (i.e. counter-
current distillation) of liquefied air, which remains the basis for cryogenic separation 
to date [5]; this is based on differences in the oxygen and nitrogen boiling points as 
detailed in Figure 1.3 [10]. The specific energy consumption of cryogenic systems is 
ca. 0.20 and 0.25 kWh/kg O2
 for the oxygen product purities of 95 and 99.5 mol%, 
respectively [11,12].  
 
On the other hand, adsorption-based air separation systems such as pressure swing 
adsorption (PSA) offer a more attractive solution when the required production rate is 
relatively low (< 60 TPD) and high purity oxygen is not required (maximum oxygen 
purity <95%) [9,13]. For instance, home oxygen concentrators (stationary or portable) 
are based on the PSA technology providing an oxygen output of 0.5-10 L/min (0.001-
0.021 TPD) at a purity target of 90-95% [14]; this purity range meets the European 
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and the US Pharmacopeia Monographs of ‘Oxygen 93%’ that is approved for medical 
use (purity no less than 90% and no more than 96%) [15-17]. Oxygen production via 
PSA dates back to the late 1960s, driven by the commercial use of relatively high 
purity oxygen for wastewater and municipal sewage treatment, and building on the 
use of synthetic zeolites for hydrogen production [5]. The PSA technology is based on 
the greater adsorption of nitrogen compared to oxygen when compressed air is passed 
through a molecular sieve bed made of zeolite, giving an oxygen-rich gas at the outlet 
(adsorption mode), whilst the other ‘saturated’ bed is depressurised to vent nitrogen to 
the atmosphere (desorption mode) [5]. An extra vacuum stage is utilised to regenerate 
the ‘saturated’ bed in Vacuum Pressure Swing Adsorption (VPSA) systems [7], whilst 
pressure swings between vacuum and ambient conditions in the Vacuum Swing 
Adsorption (VSA) systems [5]. The specific energy consumption of PSA systems lies 
in the range 0.7-1 kWh/kg O2 for the production capacity of 0.03-10 TPD (higher 
energy consumption for smaller production) [18,19].     
 
 
 
Figure 1.3. Double-column design for cryogenic air separation [10] 
(Image courtesy of Air Products and Chemicals, Inc) 
 
 
Other ‘non-conventional’ technologies for oxygen production exist, but presently do 
not compete with the cryogenic or PSA systems on technical and commercial basis. 
These include polymer membranes, high temperature membranes, chemical processes 
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and electrolysis. Polymer membranes are made of materials that are characterised 
with high permeability and selectivity of oxygen such as silicon rubber or polyimides, 
where oxygen diffuses through them driven by differential partial pressure [5,9,20]. 
They are typically designed as spiral-wound or hollow-fibres that are assembled into 
cylindrical modules [9,20]. Although they have been successfully commercialised for 
a long time, polymer membranes can only produce oxygen-enriched air (i.e. air with a 
maximum oxygen purity of 25-50%) that is suitable for some applications such as 
underwater diving, high altitude breathing and industrial scale enhanced-combustion 
and water treatment [21].  
 
High temperature membranes are made of ceramic materials that are characterised 
with very high flux and pure selectivity for oxygen ions upon thermal activation at 
elevated temperatures (873-1273 K). Oxygen molecules in air are transformed into 
oxygen ions at the membrane surface, which in turn diffuse across the membrane and 
re-combine at the permeate side to yield oxygen at an ultra high purity >99% [9]. 
According to the oxygen ion diffusion driving force, high temperature membranes are 
classified into pressure-driven and electrically-driven technologies.  
 
The pressure-driven technology operates based on the oxygen partial pressure across 
membranes with mixed ionic and electronic conductivity, with compressed air on one 
side (typically 7-20 bar) and oxygen product below 1 bar on the permeate side [22]. 
This technology is a good candidate for the tonnage production scale as it integrates 
well with advanced power generation processes that require oxygen for combustion or 
gasification such as the integrated gasification combined cycle (IGCC), with a 
predicted energy saving in air separation of ca. 30% compared to cryogenic systems1 
[11,22]. Air Products and Chemicals has been actively developing this technology 
since 1988, for which it has held 90 US patents, with recent efforts including a 
100 TPD oxygen-12 MW IGCC intermediate-scale testing, and the commissioning of 
a ceramic modules fabrication facility with a capacity of 2000 TPD equivalent for 
future energy-scale developments (e.g. 250 MW IGCC or 110 MW oxy-combustion 
power plants) [23]. However, the pressure-driven technology has not been yet 
commercialised. In addition, it cannot be operated as a standalone unit for oxygen 
                                                 
1 In addition to predicted reduction in the air separation unit and overall power plant capital costs.  
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production and requires a relatively complex integration with power generation 
processes in order to recover heat from the hot, pressurised non-permeate air as 
depicted in Figure 1.4, and subsequently become an economically feasible option. On 
the other hand, the electrically-driven membrane technology can be operated as a 
standalone unit for oxygen production at the very small production scale, typically 
few L/min. Via this technology, oxygen is separated from the ambient air and may 
also be compressed by applying an external electrical potential across a stack of 
electrochemical cells that are made of high ionic, low electronic conducting 
membranes (i.e. electrolytes) and mixed-conducting electrodes on both sides of 
electrolytes [24]. This technology has been investigated by several commercial 
entities, with numerous patents held by Westinghouse Electric [25,26], Ceramatec 
[27-29], Air Liquide [30], Air Products [31,32] and Praxair [33-35]. For instance, Air 
Products, Ceramatec and the US Air Force Research Laboratory tested this 
technology for one year, where two 3 L/min units successfully produced oxygen at a 
purity exceeding 99.9% and filled actual aircraft oxygen bottles in the period 2009-
2010 [36]. Nevertheless, in 2012, Praxair was the first entity to commercialise an 
electrically-driven membrane unit for the production of ultra high purity oxygen 
(99.9999%) as a replacement for oxygen cylinders use in chemical laboratories [37]. 
The unit produces oxygen at 2 L/min, equivalent to ten T-cylinders per month, and is 
characterised with a high electricity consumption of ca. 18.6 kWh/kg O2 [38]. The 
specific energy consumption of this system is drastically higher than those reported in 
the literature for similar systems (e.g. 3.5 and 3.9 kWh/kg O2 as calculated from [27] 
and [39], respectively). This is because the literature tends to report only the stack 
electricity consumption and neglect the overall energy consumption of the system, 
especially the high consumption of electrical heaters required to heat the stack to the 
design operating temperature. 
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Figure 1.4. Integration of the pressure-driven, high-temperature membrane  
technology for oxygen production with power generation [23]  
(Image Courtesy of Air Products and Chemicals, Inc.) 
 
  
Various chemical processes have been developed for oxygen separation from air in 
the late 19th century (prior to cryogenic air separation) such as the thermal swing of 
alkaline manganates as well as the thermal and pressure swing of barium oxide [5,7]. 
More recently, a temperature swing absorption process for oxygen separation using 
molten salt (a mixture of sodium and potassium nitrates and nitrites) was invented by 
Erickson [40,41], and developed (pilot-tested) by Air Products and Chemicals in the 
early 1990s under the name of ‘Moltox’ [9,11]. Despite the ultra high purity of 
oxygen produced (99.9%) and the predicted energy saving compared with cryogenic 
systems (40%), the ‘Moltox’ process has not been commercialised due to materials 
and corrosion problems [9,11].  
 
Oxygen can also be generated along with hydrogen via water (or steam) electrolysis 
given a continuous supply of electrical energy (and heat), although electrolysis is 
primarily dedicated for the high purity hydrogen production at present. Ultra high 
pure oxygen and hydrogen can be obtained simultaneously, with purities typically 
above 99.5% and readily available up to 99.9999%, at a range of production scales 
due to the modular nature of this technology. Water electrolysis was discovered in 
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1800 by William Nicholson and Anthony Carlisle, and independently by Johann 
Ritter, a discovery that was enabled by the invention of the first electrical battery, the 
Voltaic Pile, by Alessandro Volta [42,43]. It has been used extensively since the 
1920s in the industrial scale production of hydrogen for ammonia synthesis (prior to 
the industrial scale hydrogen production from fossil fuels) [44]. Three types of 
electrolysis cells exist, namely: the alkaline electrolysis cell, polymer electrolyte 
membrane electrolysis cell and solid oxide electrolysis cell.  
 
The alkaline electrolysis cell (AEC) is the oldest and most mature type, and is still 
used today mainly at the industrial scale. The specific energy consumption of state of 
the art AEC lies in the range 6.0-7.6 kWh/kg O2 (4.3-5.4 kWh/Nm
3 H2 equivalent) 
[45,46], with a production capacity range of 0.034-24 TPD O2 (2-1400 Nm
3/h H2 
equivalent) [45,47]. The polymer electrolyte membrane electrolysis cell (PEMEC) is 
typically utilised at the smaller production scale up to 0.515 TPD O2 (equivalent to   
0-30 Nm3/h H2) [48,49], although recent modules have production capacities of       
ca. 200 Nm3/h H2 [50,51]. General Electric initially developed PEMEC for oxygen 
generation for undersea life support in the mid 1970s, then initiated the development 
of commercial, bench-top PEMEC for hydrogen production in labs [52]. The specific 
energy consumption of state of the art PEMEC is the highest in comparison with other 
types of electrolysis cells, in the range of 8.1-10.2 kWh/kg O2 (5.8-7.3 kWh/Nm
3 H2 
equivalent) [53,54].  
 
Compared to water electrolysis via AEC or PEMEC, steam electrolysis through the 
solid oxide electrolysis cell (SOEC) offers the highest efficiency due to the reduction 
of cell losses and the ability to replace part of the electrical energy with heat at 
elevated operating temperatures. The merits of such concept were first reported in 
1980 by Doenitz et al. [55] from Dornier System and Lurgi, within the framework of 
the ‘HotElly’ project. However, SOEC technology is still under development at the 
lab-scale, with the largest system being a 15 kW test facility (>5 Nm3/h H2) that was 
developed at the Idaho National Laboratory (INL) [56]. The predicted energy 
consumption of an SOEC stack is ca. 4.3 kWh/kg O2 (3.1 kWh/Nm
3 H2 equivalent) at 
1023 K, excluding parasitic losses within the system [57]. Although this is the lowest 
electricity consumption amongst other types of electrolysis cell, it is still well above 
that of the conventional technologies for oxygen production currently used.           
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1.3. SOFC-SOEC Integration for Oxygen Production  
 
To overcome the high energy consumption of oxygen production through steam 
electrolysis in standalone SOEC systems, a novel, high-efficiency process for oxygen 
production based on the technologies of the solid oxide fuel cell (SOFC) and solid 
oxide electrolysis cell (SOEC) was proposed in 2009 by Iora and Chiesa [58]. 
Figure 1.5 illustrates a simplified diagram of the SOFC-SOEC process for oxygen 
production, where the SOFC provides steam, heat and the major part of electricity to 
the SOEC, which in turn separates the steam into hydrogen that is used to fuel the 
SOFC, and oxygen as a product of this process. In this process, the SOFC works as a 
combined heat and power (CHP) engine, where the high-quality heat it releases is 
recovered by the SOEC internally. An external source of electricity, however, is 
required to compensate for the difference in the electricity produced by the SOFC, 
and that consumed by the SOEC and balance of plant. Therefore, electricity is the 
only energy input to the system, whereas in terms of materials input, only air is fed to 
the system, whilst a hydrogen-steam mixture internally circulates between the SOFC 
anode and the SOEC cathode. 
 
 
 
Figure 1.5. Simplified diagram of the SOFC-SOEC process for oxygen production 
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The SOFC-SOEC process for oxygen production can in principle be operated at a 
range of scales due to the modular nature of the SOFC and SOEC technologies. In the 
reference analysis by Iora and Chiesa [58], an energy consumption of 0.30 kWh/kg O2 
was predicted at the design point of the SOFC-SOEC system for oxygen production. 
This is an order of magnitude lower than the specific energy consumption of oxygen 
production through steam electrolysis via standalone SOEC systems, significantly 
lower than that of PSA systems typically used today at the small production scale, and 
comparable to that of cryogenic air separation units used for the large to medium 
production scale. Moreover, this process can efficiently produce oxygen at an ultra 
high purity, at the small production scale and on-site, avoiding the various losses and 
costs associated with the transportation and storage of centrally-produced oxygen 
when high purity oxygen is required at small quantities (losses mentioned earlier in 
Section 1.1). 
 
Studies on SOFC and SOEC as standalone systems are widespread in the literature, 
but their integration with each other is quite rare as confirmed by several reviews on 
the SOFC and SOEC technologies and their integration strategies [59-61]. For 
instance, the integration of SOFC and SOEC was proposed by Iora et al. [62] for the 
efficient production of hydrogen, and by Perdikaris et al. [63] for the tri-generation of 
hydrogen, electricity and heat. However, their integration for an efficient production 
of oxygen had never been studied prior to the reference analysis [58], indicating the 
novelty of such a process. Although the reported results are very promising from an 
overall energy point of view, a detailed methodology of the system was not presented. 
A detailed modelling of the SOFC and SOEC components is therefore required as 
they are the backbone of this process. 
 
 
1.4. Research Objectives 
 
The main objective of this research is to understand the nature of the thermal and 
electrical coupling between the SOFC and SOEC using modelling to explore different 
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operating conditions. System-level modelling will be conducted, but with an emphasis 
on the SOFC and SOEC components. 
 
The first objective of this project is to evaluate the initial feasibility of the SOFC-
SOEC system for oxygen production. The reference analysis is to be reproduced as a 
baseline for a following sensitivity analysis in order to study the effect of important 
operating conditions on the system performance. This is to be based on the lumped-
parameter modelling of the SOFC, SOEC and balance of plant. 
 
The second objective is to conduct a thorough examination of the adopted electro-
chemical models through experimental validation to further enhance the stack and 
system modelling predictions. The parameter estimation technique is to be applied to 
validate the electrochemical models based on single- or multi- cell stack data. 
 
The third objective is to develop a higher-accuracy, one-dimensional (1-D) SOFC-
SOEC stack model, capable of simulating the heat integration between the SOFC and 
SOEC along the cell, given the constraint of a maximum allowable temperature 
gradient along the cell. The experimentally-validated electrochemical model is to be 
integrated into the 1-D stack model. 
 
The fourth objective is to apply the 1-D stack model to a system energy analysis of 
oxygen production through SOFC and SOEC integration to further improve the 
predictions of the stack and overall system performance. The performance of the 
system is to be quantified and improved by means of a parametric sensitivity analysis 
of important operating conditions. 
 
The fifth objective is to conduct a comparison between the SOFC-SOEC system and 
conventional technologies of oxygen production in terms of energy efficiency, and 
suggest the economic production range of such a technology. A design point of the 
system is to be defined through a techno-economic assessment, and a thorough 
examination of this design point is to be conducted. 
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1.5. Thesis Outline 
 
Chapter 2 covers the fundamental elements required to understand the SOFC and 
SOEC operation, including their advantages, thermodynamic aspects, overpotentials, 
cell structure and materials and a review of their modelling and model validation 
activities. The development of lumped-parameter models of the system components is 
detailed in Chapter 3 along with the results of the sensitivity analysis of the effect of 
important operating conditions on the system performance. Chapter 4 reports on the 
experimental validation of the adopted electrochemical models using the parameter 
estimation technique. In Chapter 5, a one-dimensional SOFC-SOEC stack model is 
developed and implemented in a parametric sensitivity analysis to improve the system 
performance, and a techno-economic study is conducted to define a design point of 
the system. The main conclusions are summarised and future research opportunities 
are suggested in Chapter 6.   
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Chapter 2 
 
Background and Literature Review 
 
2.1. Introduction 
 
As presented in Chapter 1, the current conventional technologies for the production of 
oxygen are the cryogenic air separation for the medium to large production scale and 
high oxygen purity, and the adsorption-based systems for the small scale production 
and lower oxygen purity. Oxygen can also be produced via electrolysis, and SOEC 
offers the lowest electricity consumption compared to other types of commercial 
electrolysers. However, the energy consumption of the SOEC is still well above that 
of the currently used technologies for oxygen production. To this purpose a high-
efficiency system for pure oxygen production based on the integration of SOFC and 
SOEC was first proposed by Iora and Chiesa [1].  
 
An essential background to the SOFC and SOEC technologies is presented in this 
chapter. Their merits over other types of fuel cells and electrolysers are highlighted, 
and thermodynamic aspects such as the definition of the reversible potential, the 
favourable conditions for steam electrolysis at elevated temperatures and the SOEC 
modes of operation are discussed. A description of the various overpotentials that 
limit the performance of solid oxide cells is provided, followed by a survey of cell 
geometries and materials requirements. A literature review on the SOFC and SOEC 
modelling and model validation is also conducted, including a discussion on the 
characteristics and limitations of the various modelling approaches, a review of the 
most relevant published works and an identification of research gaps within the 
modelling and model validation domains. 
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2.2 Types of Fuel Cells and Electrolysers 
 
Fuel cells are defined as electrochemical devices that convert the chemical energy of a 
supplied fuel into electricity (and heat) given a continuous supply of reactants to their 
electrodes [2]. Different types of fuel cells exist that are mainly distinguished by the 
electrolyte used. The electrolyte defines the mobile ion and the operating temperature 
for each type of fuel cell. Table 2.1 lists the different types of fuel cells along with 
their main characteristics [2]. 
 
 
Table 2.1:  Fuel cells types and a summary of their characteristics [2]  
(Table reproduced with permission of the rights holder, John Wiley and Sons) 
 
 
 
In addition to the general advantages offered by fuel cells such as the low (or zero) 
emissions, high efficiency and quiet operation, the solid oxide fuel cell (SOFC) offers 
many other advantages including [2-4]:  
• High reaction rates due to the high operating temperature, thus reducing the 
activation overpotential without the need for costly platinum-based catalysts 
• Greater flexibility in terms of the fuel supply as internal reforming of 
hydrocarbon fuels can take place in SOFC. Fuel options include natural gas 
(methane), propane, methanol, ethanol, liquefied petroleum gas (LPG), etc 
• High-quality heat by-product, suitable for integration with power cycles or in 
combined heat and power (CHP) schemes. 
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However, the ceramic nature of the electrolyte and the somewhat slow and rather 
complex start-up of SOFCs are some of the main challenges, which require careful 
monitoring of the temperature along the cell to avoid steep temperature gradients that 
can cause mechanical failure in the electrolyte. In addition, SOFCs currently suffer 
from a relatively higher capital cost caused by the high operating temperatures, which 
requires special materials for the SOFC and expensive alloys for some of the balance 
of plant (BoP) equipments in order to withstand temperatures up to 1000 oC.  
 
An electrolyser cell carries out the reverse reaction of a fuel cell fuelled with 
hydrogen. It is defined as an electrochemical device which has the capability to split 
water (or steam) into its original components, hydrogen and oxygen, given a 
continuous supply of electrical energy (and heat). The three main types of 
electrolysers are the alkaline (AEC), proton exchange membrane (PEMEC) and solid 
oxide electrolysis cell (SOEC). Their charge carrier ions and operating temperatures 
are the same as their equivalent fuel cells listed in Table 2.1. The main SOEC 
advantages can be summarised as below [5-7]: 
• Lower specific energy consumption due to reduced cell overpotentials at high 
operating temperatures  
• Favourable thermodynamics allowing partial replacement of electrical energy 
with thermal energy from external heat sources at high temperatures  
• Accelerated research and development by applying the knowledge gained in 
the field of SOFCs to the development of SOECs.  
 
As in the case of the SOFC, SOEC requires careful monitoring of the temperature 
along the electrolyser cell to avoid mechanical failures. Moreover, SOEC is not yet a 
mature technology and therefore requires further investigation and development 
before commercialisation, whereas different models of different scales for the AEC 
and PEMEC currently exist in the market [5,7]. 
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2.3 Thermodynamics of SOFC and SOEC   
 
In an SOFC, a hydrogen rich fuel gas is fed to the anode and air is introduced to the 
cathode. Negatively charged oxide ions (O2-) migrate from the cathode to the anode 
through the electrolyte, forming steam and producing electricity and heat (i.e. 
exothermic reaction). The following are the anode, cathode and overall reactions of 
the SOFC (neglecting steam reforming and shift reactions in case of hydrocarbons 
fuels): 
Anode reaction: 2- -
2 2H +O H O+2e    
Cathode reaction: 
1 - 2-
22
O +2e O  
Overall reaction : 
1
2 2 22
H + O H O (exothermic reaction) 
 
In an SOEC, however, steam is fed to the cathode and direct current (DC) electrical 
power (and heat source) is (are) supplied to the cell. The negatively charged oxide 
ions (O2-) then transfer from the cathode to the anode through the electrolyte where 
they combine to form pure oxygen. The following are the anode, cathode and overall 
reactions that take place in the SOEC: 
Anode reaction:           
12- -
22
O O +2e    
Cathode reaction: - 2-
2 2H O+2e H +O  
Overall reaction: 
1
2 2 22
H O H + O (endothermic reaction) 
 
The operating cell potential of the SOFC ( SOFCU ) and that of SOEC ( SOECU ) are 
defined using Equations 2.1 and 2.2, respectively: 
rev
SOFC totalU U        Eqn.  2.1 
   rev
SOEC totalU U        Eqn.  2.2 
Where 
revU is the reversible or open circuit potential and total is total overpotentials 
(i.e. irreversible losses or inefficiencies) that occur once the current is drawn 
(supplied) from (to) the SOFC (SOEC). Equations 2.1 and 2.2 imply that upon 
operation, the SOFC produces less potential than the ‘theoretical’ reversible potential, 
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whilst the SOEC requires more potential for the steam splitting reaction than that 
determined by the ideal reversible potential, both due to various irreversibilities 
during the actual operation of real cells as will be presented in Section 2.4. 
 
The reversible (or open circuit) potential represents the maximum potential produced 
by the SOFC, and the minimum potential required for the steam dissociation reaction 
in the SOEC, where these theoretical limits are defined by thermodynamics [8]. The 
Nernst equation determines the reversible potential for both the SOFC and SOEC, and 
its derivation is outlined in many fuel cells books such as [2,8]. In the special case of 
the SOFC and SOEC, where all reactants and products can be assumed ideal gases, 
the Nernst equation can be written as follows: 
 
2 2
2
0 ln
2
H Orev
H O
p pT
U U
F p
 
   
 
 
   Eqn. 2.3 
Where 
0U  is the standard potential defined as the reversible potential evaluated at a 
specified temperature and the standard pressure (i.e. partial pressures of 1 bar for 
reactant(s) and product(s));   is the universal gas constant (8.314 J/(K mol)); T is 
the absolute temperature; F is the Faraday constant (96485 C/mol); 
2H
p ,
2O
p and 
2H O
p are the partial pressures (in bar) of hydrogen, oxygen and steam, respectively. 
The second term on the right hand side reflects the deviation of the partial pressures 
of product(s) and reactant(s) from unity.  
 
The standard potential is evaluated using the change in Gibbs free energy at standard 
pressure (
0G ) as expressed in Equation 2.4. The change in Gibbs free energy at 
standard pressure is calculated using the change in enthalpy at standard pressure 
( 0H ) and the change in entropy at standard pressure ( 0S ) as presented in 
Equation 2.5, where these terms are evaluated at a specified temperature and the 
standard pressure [2,8]. 
    
0
0
2
G
U
F

       Eqn. 2.4 
    0 0 0G H T S          Eqn. 2.5 
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Figure 2.1. Total, electrical and thermal energy demands for H2O                
dissociation reaction at different temperatures [9] 
 
 
Of great importance is the improved thermodynamic conditions of SOEC over other 
types of electrolysers. Amongst the earliest studies to report on the advantages of 
steam electrolysis at elevated temperatures is the study by Doenitz et al. [10] from 
Dornier System and Lurgi, published in 1980 within the framework of ‘Hot Elly’ 
project. Figure 2.1 illustrates the energy requirements for the H2O dissociation 
reaction at different temperatures [9]. It can be shown that the total energy demand for 
the H2O dissociation reaction (expressed as the change in enthalpy, H ) is lower in 
the gaseous phase. The difference, being the enthalpy of vaporisation for water, can 
be provided by heat rather than electricity. In the gaseous phase, the total energy 
demand to split steam is almost insensitive to temperature; however, as the cell 
operating temperature increases, the electrical energy demand (expressed as the 
change in Gibbs free energy, G ) decreases, whilst the heat demand (expressed as 
the product of the absolute temperature and the change in entropy,  T S ) increases. 
These favourable conditions allow for partial compensation of the rather expensive 
electrical energy with heat arising either from external sources such as industrial 
waste heat, nuclear, solar thermal or geothermal reactors at low current densities, or 
from internal ‘Joule’ heat due to irreversible losses within the cell at high current 
densities [7,10]. For instance, heat can provide about one fourth of the total energy 
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consumed in the steam electrolysis reaction at the temperature of 800 oC. In low 
temperature electrolysers, however, higher electrical energy is required on top of the 
thermodynamically determined ‘total energy’ due to their higher overpotentials; 
consequently, higher Joule heat is generated than that required by the reaction, the 
excess of which must be removed to protect the cell components from damage [7,10].  
 
Depending on the relative quantities of heat generated by irreversible losses ( 2 totalF ) 
and that required by the steam electrolysis reaction (T S ), three modes of operation 
exist for SOEC: endothermic, thermoneutral and exothermic modes of operation 
(Figure 2.2 [11]). The endothermic mode is associated with the operation at low 
current densities and high temperatures, where heat required by the reaction is higher 
than that generated by irreversible losses. In this mode, heat from external sources 
such as industrial waste heat, nuclear, solar thermal or geothermal reactors may 
replace part of the electrical energy demand that is otherwise required by the reaction, 
yielding economical and environmental advantages [7,11]. This mode is characterised 
with lower outlet gas streams temperature compared to that of the inlet gas streams as 
well as reduced electrical energy demand due to lower cell overpotentials. The 
thermoneutral mode (or point) is defined as the point where heat required by the 
reaction equals heat generated by irreversible losses. The thermoneutral potential 
( TNU ) is determined by thermodynamics as given in Equation 2.6, with a value of   
ca. 1.29 V for the operating temperature range of SOEC [12]. In this mode, equal 
temperature of the outlet and inlet gas streams is obtained, and higher electrical 
energy demand is necessary due to the higher current density and subsequent higher 
overpotentials. The exothermic mode is associated with high current densities and low 
temperatures, where heat generated by irreversible losses is higher than that required 
by the reaction. In this mode, irreversible losses generates heat that is used to sustain 
the endothermic steam electrolysis reaction, maintain the temperature of the stack at 
the design point and heat up the inlet streams to the desired temperature through heat 
recovery from the hotter outlet gas streams [7,12]. Although characterised with higher 
electrical energy demand compared to the endothermic and thermoneutral modes, 
operating at moderate overpotentials in the exothermic mode is preferred when higher 
production of hydrogen or oxygen is required, or in the absence of external heat 
sources, where electrical energy is the only form of energy supplied to the system. 
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2
TN
H
U
F

       Eqn. 2.6 
 
 
 
Figure 2.2. Thermal energy required by the steam electrolysis reaction (T S ) and 
that generated by irreversible losses ( 2 totalF ) as a function of current density 
 for an SOEC operated at a temperature of 1023 K, pure O2 at anode and  
average cathode composition of 54% H2O and 46% H2 [11] 
 
2.4 Electrochemistry of SOFC and SOEC 
 
During actual operation, various overpotentials lead to a decrease in the operating 
potential provided by the SOFC and to an increase in the potential required by the 
SOEC. The main types of overpotentials in SOFC and SOEC are activation 
overpotentials, concentration overpotentials and ohmic losses. The first two concern 
the electrodes, whilst the latter is generated within the entire stack. For comparison 
between different types or sizes of fuel cells and electrolysers, current density ( j ) is 
defined, which is the electrical current per unit area of the electrolyte-electrode 
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interface where the electrochemical reactions take place [2,8]. A common name of 
this interface is the triple phase boundary (TPB), where gas species meet with the ion-
conducting electrolyte and the porous electron-conducting electrodes [2,8,11]. 
Figure 2.3 shows different polarisation curves (i.e. voltage-current density curves)   
for a solid oxide cell operated in both electrolysis and fuel cell modes [13]. 
 
 
 
Figure 2.3. Experimental polarisation curves for a solid oxide cell operated                  
in electrolysis and fuel cell modes at different temperatures [13]         
 
 
Activation overpotentials are losses associated with the necessary potential to 
overcome the energy barrier of the electrochemical reaction [2,8], which are more 
pronounced at low current densities. At dynamic equilibrium, although the net 
electrochemical reaction rate is zero, the forward and the backward reactions proceed 
at the same rate, and therefore at the same current density. This current density is 
termed the exchange current density ( 0j ). The higher the electrode exchange current 
density, the faster the kinetics of the electrochemical reaction and the better the 
performance of the electrodes. Thus, exchange current density is used as a means for 
comparing different electrode materials and microstructures. The Butler-Volmer 
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equation (Equation 2.7) relates the activation overpotential of each electrode to 
current density and the electrode exchange current density, where   is the charge 
transfer coefficient with a value of 0.2-0.5 for most electrochemical reactions [8]. 
Activation overpotentials can be reduced by raising the operating temperature, 
increasing the roughness (i.e. surface area) of electrodes, increasing the reactants 
concentrations and increasing the pressure. The latter two approaches also bring the 
benefit of raising the reversible potential, therefore enhancing the positive effect in 
the case of SOFC [2]. 
  
0, , ,
2(1 ) 2
exp expelectrode act electrode act electrode
F F
j j
T T
 
 
     
     
     
  Eqn. 2.7 
             ,electrode cathode anode  
 
Concentration (or mass transport) overpotentials can become dominant in the anode 
of anode-supported SOFCs, or in the cathode of cathode-supported SOECs, especially 
at high current densities and high utilisation factors. At such conditions, concentration 
gradients for the reactants and products develop between the gas channels and the 
TPB. These concentration gradients lead to deviations from the reversible potential, 
resulting in a lower cell performance. Ohmic losses, on the other hand, are a major 
contributor to total overpotentials. Such losses arise from the ionic resistance of the 
electrolyte, the electronic resistance of the electrodes and interconnects, and the 
contact resistance between the cell and interconnects. Ohmic losses are linearly 
dependent on current density as given by Ohm's Law:  
 
   Ohm Ohmj R          Eqn. 2.8 
 
Other types of overpotentials include internal currents or fuel crossover 
overpotentials. These types of overpotentials are due to small amounts of reactants 
diffusing through the electrolyte, or due to short circuits of electronic conduction via 
the electrolyte instead of the external electronic circuit between the anode and 
cathode. These overpotentials are generally considered in low temperature fuel cells 
and electrolysers, and are usually ignored in high temperature ones [2,14], except for 
mixed ionic-electronic conducting electrolytes such as gadolinia doped ceria (GDC).  
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Due to their elevated operating temperature, the SOFC and SOEC are characterised 
with reduced overpotentials, especially low activation overpotentials compared to 
their low temperature counter-parts. Reduced overpotentials translate into more 
efficient power generation and production of gases for the SOFC and SOEC, 
respectively. With reference to electrolytic hydrogen production, it is important to 
note that electricity consumption contributes to ca. 66-80% of the total production 
cost [12,15,16]. Therefore, the reduction of electricity consumption in the SOEC due 
to both partial replacement of electrical energy with thermal energy (discussed in 
Section 2.3) and due to the lower cell overpotentials at elevated temperatures has a 
significant impact on the economics of electrolytic hydrogen and oxygen production.  
 
 
2.5 Structure and Materials for SOFC and SOEC 
 
One of the key advantages of the SOEC is the ability to apply the latest development 
in the field of SOFCs to it. The simplifying assumption that the SOEC is used as the 
reverse mode of SOFC allows the use of conventional SOFC cell configurations and 
materials for the SOEC [6,7,17]. 
 
The SOFC and SOEC comprise mainly of two electrodes and an electrolyte, usually 
referred to as the positive electrode-electrolyte-negative electrode (PEN) structure. In 
addition, miscellaneous components are associated with these technologies such as 
the interconnects, sealants and the balance of plant. The latter includes various 
equipments required for operation such as compressors, pumps, heat exchangers, 
AC-DC converters, water purification units, etc. Figure 2.4 illustrates the main 
components of SOFC operated with hydrogen as fuel. [18]. 
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Figure 2.4. A diagram of SOFC indicating the cell PEN  
structure, interconnects and stack [18] 
 
 
The most conventional cell geometries are the planar, tubular and monolithic 
geometries, shown in Figure 2.5 [19]. Tubular cells are utilised at high operating 
temperatures above 1173 K, where the relatively high ohmic losses, due to longer 
current paths, are reduced by the high temperature operation [20]. In contrast, planar 
cells offer reduced ohmic losses and increased power density compared to tubular 
cells due to their shorter current paths. In addition, they are characterised with 
reduced capital cost and ease of manufacturing through their compact sizes and 
through adopting low-cost production methods such as tape casting and screen 
printing [2,6]. Planar cells are considered the most appropriate choice for the 
intermediate temperature SOFC (IT-SOFC) and SOEC (IT-SOEC), operating between 
823 and 1073 K, due to the enhanced performance rising from the use of metallic 
interconnects and non-ceramic seals [18]. However, the use of seals, which are used 
to prevent reactants and products from mixing, is one of the major challenges in 
planar cells. The least used type of cells, the monolithic cells, consist of corrugated 
anode and cathode to allow the flow of reactants and products therewithin. 
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Figure 2.5. (a) tubular, (b) planar and (c) monolithic geometries 
 for the SOFC and SOEC (adapted from [19]) 
 
 
The choice of the most ideal operating temperature is not usually a trivial task. In 
Sections 2.3 and 2.4, it was emphasised that raising the operating temperature has 
positive effects on the kinetics of both the SOFC and SOEC, and favourable 
thermodynamic conditions on the SOEC. However, many other factors influence the 
selection of the operating temperature including the required lifetime, performance, 
investment and operational costs, fuel flexibility (relevant to SOFC), start-up time and 
heat integration strategies [18]. Research on SOFC and SOEC is focussed on reducing 
the high investment costs associated with the high temperature operation near 
1273 K [4,20], and a corresponding trend to lower the operating temperature of 
SOFCs and SOECs to the intermediate region between 823 and 1073 K is noted in the 
literature [11,21,22]. Smaller stacks do not normally require integration with gas 
turbines, thus lowering the temperature to the intermediate range offers greater 
flexibility in cell designs in terms of materials robustness and durability as well as 
lower manufacturing and investment cost resulting from the use of stainless steel 
balance of plant [18,23]. Companies such as Ceres Power, Fuel Cell Energy, Delphi, 
and Mitsubishi Materials are some of the commercial developers of the IT-SOFC 
technology (adapted from [18]). 
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Table 2.2: Example of different materials used in IT-SOFC [24] (Table reproduced 
with permission of the rights holders, Springer) 
 
  
 
Table 2.2 lists different combinations of materials used in IT-SOFCs [24]. In their 
review on IT-SOFCs, Brett et al. [18] summarised the key requirements for solid 
electrolytes. These include high ionic conductivity; low electronic conductivity via 
the dense structure; thermal and chemical stability to withstand the harsh oxidation/ 
reduction environments at high temperatures; thermal expansion coefficient (TEC) 
close to the electrode materials in contact; and simple and low-cost manufacturing 
techniques. Zirconia-based electrolytes such as yttria stabilised zirconia (YSZ), 
typically doped with less than 10 mol% yttria, are the most conventionally used 
electrolytes [2,18,25]. Although other electrolyte materials have higher ionic 
conductivities than YSZ, zirconia-based electrolytes are generally ideal for solid 
oxide cells due to their pure ionic conductivity [2,18]. Scandia stabilised zirconia 
(SSZ) exhibits higher ionic conductivity than YSZ, which makes it an alternative 
suitable option for IT operation. Although it is more expensive than YSZ, small 
quantities of SSZ can be used for fabricating thin electrolytes, which has led to  
increased interest in this material [18,25]. Another option for IT operation, 
specifically at temperatures below 873 K, are ceria-based electrolytes, of which ceria 
doped with 10 mol% gadolinia (10GDC) is the most studied electrolyte [18,25]. 
 
A common simplifying assumption is that the materials used in the anodes and 
cathodes of SOFCs correspond to those used in the cathodes and anodes of SOECs, 
respectively. SOFC anodes are characterised with: good electronic conductivity 
facilitating electrons transfer to/from interconnects; high porosity (typically 20-40%) 
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to support mass transport of reactants and products; optimised microstructure that 
maximises the TPB and improve kinetics; and a TEC close to the those of the 
interconnects and electrolyte [18,26]. Nickel/YSZ cermets (i.e. ceramic-metallic 
composite materials) have been conventionally and extensively used as anode 
materials [2,18,26]. IT-SOFCs are mostly anode-supported, where anode is used as 
the mechanical supporting layer for the cell structure, with a thickness of more than 
150 µm compared to a thickness of 10’s of microns for the electrolyte and 
cathode [18]. This is required to bring down ohmic losses that are otherwise 
associated with electrolyte-supported SOFC operating at high temperature. Some of 
the recent research areas in SOFC anodes are the development of mixed ionic and 
electronic conducting (MIEC) ceramic materials that maximise the number of active 
TPBs, and the attempts to replace nickel, which catalyses the formation of carbon 
from hydrocarbon fuels, with copper-ceria anodes [18,26]. 
   
The search for suitable cathode materials for IT-SOFCs attracts recent research. 
Typical requirements for SOFC cathodes are: chemical stability and TEC match with 
the electrolyte; high catalytic activity for the oxygen reduction reaction; and 
optimised microstructure and manufacturing techniques [27]. Strontium-doped 
lanthanum manganite (LSM) is the most reported cathode material for high 
temperature SOFCs due to its chemical stability [2,18,21,27]. For IT-SOFCs, 
composite materials such as LSM/YSZ are preferred due to the relatively slow 
reaction kinetics in the IT region [18,27]. 
 
Interconnects are used to connect neighbouring cells in series into a stack and to 
evenly distribute the gaseous reactants over the cells. Some of the key required 
attributes of the interconnect are: high electrical conductivity and low contact 
resistance; chemical and thermal stability; corrosion resistance; adequate thermal 
conductivity for an even temperature distribution; and good TEC match with the 
anode and cathode materials [2,18,28]. As mentioned earlier, one of the main 
advantages of the IT operation is the use of inexpensive ferritic stainless steels, 
compared to the rather expensive ceramics that are dedicated for high temperature 
operation. Ferritic stainless steels also offer easier manufacturing as well as higher 
mechanical robustness against rapid changes in temperature [18]. 
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2.6 Modelling of SOFC and SOEC 
 
Computational modelling is a vital tool in the design of fuel cell and electrolyser 
systems as it gives an insight into cell variables such as the cell potential, current 
density, temperature and stresses as a function of time and space [21]. Models can be 
used for the prediction of the cell and system behaviour over a wide range of 
operating conditions and design parameters as well as for the optimisation of the cell 
and system performance. As such, modelling offers a time- and cost-effective 
platform for conducting parametric analysis in comparison with experimental testing 
and prototyping, and an opportunity to examine the effect of process variables that 
might be difficult to manipulate or measure experimentally [6]. More importantly, 
modelling is centric to the acceleration of research, development and deployment of 
systems that are not yet feasible or commercialised. 
 
Several reviews on SOFC and SOEC technologies [6,19,20,29] have pointed out that 
modelling, depending on the area of interest, vary in terms of the length-scale of 
interest; from the micro-scale level associated with micro components of the cell such 
as the electrolyte and electrodes in terms of performance, structural characteristics and 
detailed transport phenomena therewithin [30-33], to the macro-scale level of 
modelling, focusing on the simulation of the overall ‘macroscopic’ performance of 
cells, stacks and fully integrated energy systems. Within the macro-scale level, the 
model dimension is a crucial factor in selecting the most appropriate modelling 
approach that best addresses the specific requirements of a model. The characteristics 
and limitations of the different modelling approaches were discussed by Bove and 
Ubertini [34] and Colpan et al. [35] as follows:  
• Three-dimensional (3-D) modelling: used mostly for the design of cells and 
stacks or when detailed knowledge related to the cells and stacks operation is 
required. This is usually performed using computational fluid dynamic (CFD) 
modelling packages. However, this approach is the most computationally-
expensive amongst the other approaches. 
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• Two-dimensional (2-D) modelling: by neglecting one spatial dimension, 
a 2-D section can be used to simplify the modelling of perfectly-symmetrical 
geometries such as tubular cells. However, a reduction in the accuracy and 
amount of the information obtained occurs due to the simplifying assumptions, 
especially when used with other geometries such as planar cells.  
• One-dimensional (1-D) modelling: allows the prediction of variation in the 
electrical, gas and solid parts properties along the gas-flow direction, assuming 
negligible variations in the other two directions. Hence, cross-flow cells 
cannot be modelled using this approach. ‘Simplified’ electrochemical models 
are generally used to compensate for neglected phenomena in this approach 
(e.g. concentration losses terms to account for electrodes porosity, and an 
equivalent circuit to account for all ohmic resistances along the current path). 
Both this and the 0-D modelling approaches are preferred for system-level 
modelling due to their reduced computational requirements [36].       
• Zero-dimensional (0-D) modelling: this is the simplest modelling approach 
based on the principles of electrochemistry and thermodynamics. It is mostly 
used with energy systems analysis such as SOFC-Gas turbine hybrid systems 
and CHP configurations, where the output of each black-box representing a 
unit operation defines the input of the next one. Outlet parameters such as the 
power production (consumption) in SOFC (SOEC), outlet gas temperature and 
composition can be obtained from the inlet parameters such as the inlet gas 
temperature, composition and reactant utilisation factor.  
 
Based on the above mentioned characteristics, and the recent trends in cell structures 
and materials described in Section 2.5, one-dimensional models of planar IT-SOFC 
and IT-SOEC have been identified as the basis to address the main research questions: 
the specific energy consumption of the SOFC-SOEC system for oxygen production 
and the thermal integration between the SOFC and SOEC given the stringent 
constraint of the maximum allowable temperature gradient along the cells. The 
following is a review of the most relevant models on a case-by-case basis starting 
with SOFC models then covering those of SOEC.  
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Aguiar et al. [21] developed a one-dimensional model of a planar, anode-supported, 
IT-SOFC with the additional capability to perform direct internal reforming (DIR) of 
hydrocarbon fuels. The model consisted of two mass balances depicting the 
composition of the air and fuel gas streams along the flow direction; four energy 
balances along the air and fuel channels, PEN structure and interconnect taking into 
account the heat transfer modes of conduction within the cell ‘solid’ parts (i.e. PEN 
structure and interconnects), convection between gas streams and solid parts and 
radiation between the PEN structure and interconnects; and a detailed electrochemical 
sub-model capable of predicting the cell operating voltage as well as the distribution 
of current density, reversible potential, ohmic losses, activation overpotentials and 
concentration overpotentials over the cell length. The model assumed negligible 
interconnect and contact resistances; negligible heat flux through external walls 
assuming the cell is at the centre of the stack; ideal gas behaviour; constant gas 
streams velocities and flow properties including pressure, densities and heat 
capacities, evaluated at the cell inlet conditions; and variable thermodynamic 
properties as a function of the local temperature and gas streams composition.  
 
The electrochemical sub-model was first solved alone to obtain the characteristic 
curves of the cell voltage and power density as a function of current density for 
different operating temperatures and fuel utilisations. The steady-state performance of 
the SOFC was then investigated by solving the fully-coupled model under different 
operating conditions such as different gas streams inlet temperatures, fuel utilisations, 
average current densities and flow configurations; the cell operating voltage was 
predicted for each case, and profiles along the cell length for gas streams composition, 
cell components temperature, local current density and overpotentials were analysed. 
The results suggested that the counter-flow configuration, although better performing 
compared to co-flow, should not be considered for operation due to its unfavourable 
characteristics such as the steep temperature gradients and the resulting uneven 
current density distribution. In their subsequent publication, Aguiar et al. [37] studied 
the dynamic behaviour of an SOFC under load changes for a two-loop control scheme 
using a feedback PID temperature control. The analysis indicated that for moderate 
load step-changes, the proposed control strategy of a fixed set-point is appropriate, 
whilst for higher load step-changes, an adjustable set-point approach is more adequate 
to prevent severe thermal stresses on the cell.  
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Iora et al. [38] compared two one-dimensional models of a planar IT-SOFC, one of 
which was developed by Aguiar et al. [21,37] assuming constant gas streams 
velocities and flow properties including heat capacities, thermal conductivities, 
pressure and densities (discussed above and referred to as the constant properties 
model (CPM)), and another refined model that considered the variation of gas streams 
velocities and flow properties along the cell and its effect on the cell performance 
(referred to as the variable properties model (VPM)). The major modifications to the 
original CPM model included the addition of two momentum balances for the air and 
fuel channels to predict pressure distribution along these channels; reformulating the 
mass balances for the air and fuel gas streams and coupling them with the ideal gas 
equation to predict local gas densities and velocities; and the addition of composition- 
and temperature-dependent correlations to calculate the local flow properties for the 
gas densities, heat capacities and thermal conductivities.  
 
Simulation results illustrated a comparable overall cell performance prediction by the 
two models for the steady-state case, evaluated at a gas streams inlet temperature of 
1023 K and an average current density of 5000 A/m2; the difference between the CPM 
and VPM gas streams outlet temperature was limited to 5 K and the predicted cell 
efficiency differed by less than 1%. Moreover, the CPU times required to run the 
simulation for both models were found acceptable, in the time-scale of seconds. For 
the dynamic behaviour analysis, however, discrepancies between the two models were 
observed, and increased with current density, particularly in terms of the predicted 
fuel outlet temperature and cell voltage. In addition, the CPU time increased 
significantly from a couple of minutes to more than an hour for the solution of the 
CPM and VPM, respectively, which is due to the much smaller time-steps needed to 
solve the relatively complex VPM. It was concluded that the VPM is the preferred 
choice at relatively high current densities due to the higher changes in the flow 
properties, especially in the fuel flow channel. The significance of this study lies in 
showing that at low current densities, the assumption of constant flow properties used 
in the CPM is clearly justified in order to get a much more numerically-tractable 
model, whilst maintaining a prediction power similar to that of the VPM. 
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Another one-dimensional model of a planar IT-SOFC was reported by Kang 
et al. [39] comprising mass balances for the air and fuel gas streams; three energy 
balances along the air flow channel, fuel flow channel and the ‘solid’ parts 
(representing the PEN structure and interconnects); and an electrochemical model 
capable of predicting the cell operating voltage and the current density distribution 
taking into account the various cell overpotentials. The model assumptions were 
similar to those considered in the models of Aguiar et al. [21] and Iora et al. [38] 
except that a unified temperature was assumed for the ‘solid’ parts, rather than two 
distinct temperatures for the PEN and interconnect. The dynamic behaviour of the 
system due to disturbances in the fuel and air flow rates in addition to that due to load 
changes were studied. It was found that higher current densities lead to higher ‘solid’ 
temperature and steeper ‘solid’ temperature gradient along the cell. They suggested 
that fast dynamics of the cell voltage and current density were mainly attributed to the 
composition of hydrogen in the fuel gas stream, and that slow dynamics was due to 
the ‘solid’ temperature.  
 
However, a clear limitation can be identified in this model. The assumption of an 
equal temperature for the PEN and interconnects, which are two physically-distant 
structures that are associated with different heat transfer contributions; for instance, 
fuel reforming reactions and the electrochemical reaction occurs within the PEN 
structure, and not within the interconnect. Consequently, the radiation mode of heat 
transfer was neglected in this model due to the use of a unified temperature for the 
‘solid’ parts (i.e. there is no temperature difference driving force in this case). In 
reality, however, radiation is considered significant between two surfaces at elevated 
temperature [40], and neglecting it may affect the energy balances, the predicted PEN 
temperature and ultimately the predicted cell electrochemical performance.  
 
A literature survey on the macro-scale modelling of SOEC revealed a handful of 
modelling activities, in contrast to those for SOFC. Such modelling attempts include: 
the three-dimensional (3-D) CFD models developed by Hawkes et al. [41,42] for a 
multi-cell stack tested at Idaho National Laboratory (INL), and by Hoashi et al. [43] 
for a tubular SOEC developed at Toshiba; the two-dimensional (2-D) CFD models 
developed by Grondin et al. [44,45] for a planar SOEC, and by Laurencin et al. [46] 
and Ni [47] for a single repeating unit (SRU) (i.e. one-cell stack); and the zero-
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dimensional (0-D) lumped-parameter models developed by Ni et al. [48,49] for the 
prediction of the SOEC electrochemical behaviour. To the author’s knowledge, the 
model developed by Udagawa et al. [11,50] has been the only and the most important 
one-dimensional (1-D) SOEC model proposed to date.  
 
Udagawa et al. [11] developed a mathematical model of a planar, cathode-supported 
IT-SOEC based on the modelling work of Aguiar et al. [21] on IT-SOFC discussed 
earlier. The major modifications to transform the SOFC model into an SOEC model 
entailed: the removal of methane internal reforming reactions and the subsequent 
elimination of gas species other than hydrogen and steam in the ‘fuel’ gas stream; 
switching electrodes polarity and the consequent changes in electrodes materials, 
kinetics and direction of gas diffusion; the modification of the PEN energy balance to 
accommodate the endothermic steam electrolysis reaction and the electrical power 
consumption of the SOEC stack; and the addition of the overpotentials instead of 
subtracting them from the reversible potential. The model assumptions remained the 
same as those in the original SOFC model, except that pure oxygen production was 
considered at the SOEC anode. In addition, the performance of the SOEC was 
assumed to be symmetrical to that of the SOFC. However, in reality, this assumption 
is not necessarily true for any set of materials. Both models use generic materials data 
and kinetics parameters as none of these models was validated experimentally.  
 
The analysis of the electrochemical model alone revealed that both decreasing the 
average current density and increasing the cell operating temperature lead to reduced 
overpotentials, and a subsequent lower electrical energy demand. In addition, it was 
observed that activation overpotentials followed by ohmic losses were the largest 
contributors to the total cell overpotentials, whilst concentration overpotential was 
insignificant despite the cathode-supported structure of the cell. The fully-coupled 
model was also solved to obtain the steady-state performance of the SOEC. Three 
modes of operation for an SOEC stack were identified, namely the endothermic, 
thermoneutral and exothermic operation (previously outlined in Section 2.3), and 
merits related to operating in the endothermic mode were discussed. Due to its 
dependence on current density, a stringent control of the cell temperature distribution 
was recognised as a need, especially during dynamic operation.  
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In subsequent publications, Udagawa et al. [50,51] examined the concept of air flow 
sweep at the SOEC anode as a means of controlling the cell temperature during 
steady-state and dynamic operations. Anode concentration overpotential and a mass 
balance along the air channel were added to the original model [11] in order to 
accommodate the air flow. The analysis showed that increasing the air flow rate is 
very effective in enhancing the cell temperature distribution along the cell as it 
improves the heating and cooling effects during the endothermic and exothermic 
operation, respectively. In addition, the variation of air flow rate for temperature 
control was found to prevent transitions in the SOEC operation mode during dynamic 
operation. However, such a temperature control strategy cannot be implemented in 
SOEC systems where the objective is the production of pure oxygen rather than 
hydrogen, as air flow dilutes the pure oxygen product.  
 
 
2.7 Electrochemical Model Validation  
 
Regardless of its level of complexity, a model is just a simplified description of the 
real physical and chemical phenomena occurring in a system. Numerical results 
obtained from solving such models are therefore an approximation of real conditions 
[29,34]. Model accuracy is significantly hindered by the use of uncertain physical 
properties, which are typically estimated from limited sets of operation conditions 
(with a degree of uncertainty), or more rarely assigned completely arbitrary values. A 
way of increasing model accuracy is through careful comparison of numerical results 
with experimental data. This ‘final’ step defines the range of validity of a model and 
prevents ‘blind acceptance’ of numerical results [34]. It is usually achieved by fitting 
uncertain model parameters to experimental or plant data so that the model 
predictions best match reality, a method known as parameter estimation [52]. 
 
As is the case in the macro-scale modelling of SOEC, validation of SOEC models 
using experimental data has been limited thus far. The following is a review of the 
significant model validation attempts in the SOEC literature, with an emphasis on the 
experimental scale (button cell, cell or stack), methodology (manual fitting versus 
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parametric optimisation), and operating conditions covered (one operating condition 
versus a range of conditions at different temperatures and/or gas compositions).  
 
Jin and Xue [53,54] estimated the exchange current densities from two polarisation 
curves obtained from a button cell (12 mm in diameter), operating at 30% steam 
molar fraction and two different temperatures: 1073 and 1173 K. Differences (up to 
5% error) were observed between experimental and simulated polarisation curves. 
This can be explained by the fact that the exchange current density, which is in fact a 
strong function of temperature that is characterised by an activation energy term, was 
considered in this work  as a constant value across different temperatures. 
  
Ni et al. [49] simulated polarisation curves for an electrolyte-supported SOEC using 
pre-determined microstructural, electrical and kinetic properties obtained from the 
SOFC literature. These curves were compared against data from an experimental 
study conducted by Momma et al. [55] on a button-cell (25 mm in diameter), operated 
in electrolysis mode at 60% steam molar fraction and operating temperatures of 1173, 
1223 and 1273 K. Since none of the electrochemical model parameters was fitted to 
the experimental data, large differences (ca. 10% error) were found between the 
simulated polarisation curves and experimental data, with the cell potential being 
always over-predicted.  
  
Grondin et al. [45] fitted several kinetic and microstructural properties to two 
polarisation curves obtained from a circular cell (78 mm in diameter) operated at 
1073 K. Firstly, exchange current densities were tuned to give the best fit to an 
experimental polarisation curve at a steam molar fraction of 70%. Then, as the model 
was unable to predict the electrochemical behaviour at 30% steam molar fraction, 
several values for tortuosity, porosity and mean grain diameter of the cathode were 
tested (one parameter at a time). However, a discrepancy was still observed between 
the simulated and experimental polarisation curve at 30% steam content, which was 
attributed to the inadequacy, at some steam compositions, of a single rate-limiting 
step assumption represented by the Butler-Volmer equation for steam reduction. 
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In a subsequent study, Grondin et al. [56] studied different reaction mechanisms for 
steam reduction on Ni/YSZ electrodes using a three-electrode cell, a technique for 
studying the polarisation behaviour of an electrode using a counter and a reference 
electrodes [57]. Different electrochemical reaction mechanisms were tested at 1073 K 
and steam molar fractions of 3% and 50%, and kinetic parameters were estimated at 
each steam composition using a least square method. A very good agreement was 
obtained between the experimental and simulated polarisation curves assuming two 
rate-limiting steps, indicating that the Butler-Volmer equation might not be valid to 
model steam reduction on Ni/YSZ electrodes at these steam compositions. However, 
it is of note that studies on electrode kinetics such as this are not the best choice for 
the validation of cell and stack models due to their limitations; for instance, they are 
mostly valid only at low current densities and for the microstructure of the tested 
materials rather than that of the cell and stack materials [58].  
 
Herring et al. [59] estimated the values of the exchange current densities and contact 
resistance by comparing their model predictions with the performance data of a ten-
cell stack tested at Idaho National Laboratory, consisting of 100 100 mm square 
cells. Stack performance data such as these reported in this work are very scarce in the 
SOEC literature, and to the author’s knowledge, validation of SOEC models based on 
SRU or stack data does not exist elsewhere. An excellent agreement was obtained 
between the simulated and experimental polarisation curves. Nonetheless, neither the 
description of the electrochemical model nor the values of both fixed (i.e. input) and 
estimated parameters were reported. In addition, it appears that parameters were 
estimated through manual fitting to experimental data instead of using a systematic, 
optimisation-based method that ensures an optimum fit to experimental data.   
 
As noted earlier, the research and development of SOECs has been accelerated using 
the latest developments in the field of SOFCs. Hence, the extensive literature on 
SOFC model validation can be used as the basis to address the gaps identified within 
the SOEC model validation literature. Numerous studies exist for SOFC model 
validation on different experimental scales [58,60-66], amongst which the works of 
Leone et al. [65] and Leah et al. [66] give a clear presentation of the parameter 
estimation procedure along with a detailed description of the experimental aspects.  
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Leone et al. [65] characterised the polarisation behaviour of two anode-supported, 
circular SOFCs (80 mm in diameter) with LSM and LSCF cathodes. Polarisation 
curves were recorded at the cell operating temperatures of 923, 1013, 1073 and 
1113 K, with 4% humidified hydrogen as fuel. Through parameter estimation, the 
values of the effective exchange current density, ohmic resistance and anode limiting 
current density were determined using the Levenberg-Marquardt algorithm, a non-
linear least square method. A perfect match was realised between the experimental 
and simulated curves. The good quality of estimation was also confirmed by the 
95% confidence intervals, which were reasonably small compared to the estimated 
parameter values, indicating a lower degree of uncertainty. On the other hand, 
although polarisation curves were measured at different operating temperatures, 
parameters were estimated through independent fits at each operating temperature, 
rather than a single fit across the full range of operating conditions, where the latter 
expands the range of validity of a model.  
 
As part of their modelling work on stacks and CHP systems, Leah et al. [66] 
developed an electrochemical model for the Ceres Power metal-supported, IT-SOFC 
with mixed-conducting GDC electrolyte. Using the Maximum Likelihood function 
available in gPROMS, a number of model parameters were fitted to experimental 
polarisation curves obtained from a standard Ceres cell (39 39 mm active area). 
Polarisation curves were measured at the operating temperatures of 823, 843 and 
873 K, and three inlet flow compositions at each temperature: 97, 68.5 and 48.5% 
hydrogen molar fractions. Parameters were estimated through a fit across the full 
range of operating conditions, and a very good agreement was observed between the 
experimental and model-predicted polarisation curves over all operating conditions. 
However, statistical metrics associated with the estimated parameters such as their 
95% confidence intervals, 95% t-values, 95% reference t-value and correlation 
coefficients were not presented, despite the fact that such metrics are very crucial in 
defining the quality of the parameter estimation. Moreover, significant information 
such as the bounds of estimated parameters and measurement errors were not 
reported. The experimentally ‘validated’ electrochemical model was built into a 
modified version of the one-dimensional stack model of the IT-SOFC developed by 
Aguiar et al. [21], and the stack model into a CHP system model.  
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2.8 Conclusions  
 
A general introduction and background to the solid oxide fuel cell (SOFC) and solid 
oxide electrolysis cell (SOEC) technologies has been presented. The merits of the 
SOFC and SOEC over other types of fuel cells and electrolysers, especially the 
improved kinetics at elevated temperatures, have been highlighted. The favourable 
thermodynamic conditions for steam electrolysis at elevated temperatures, allowing 
partial replacement of electrical energy with heat, have been emphasised. With 
reference to the thermal balance of the SOEC, the characteristics of the endothermic, 
thermoneutral and exothermic modes of operation have been discussed. The nature of 
the various overpotentials that limit the performance of a solid oxide cell during 
actual operation have been described. The materials requirements of the main cell 
components have been listed, and the notable trend of operating planar cells at the 
intermediate temperature (IT) region to reduce the high investment costs associated 
with high temperature operation has been identified. 
 
A literature survey on the SOFC and SOEC modelling and model validation activities 
has also been conducted. A discussion on the characteristics and limitations of the 
various modelling approaches at the macro-scale level has shown that both the zero-
dimensional (0-D) and one-dimensional (1-D) approaches can be used for system-
level modelling due to their reduced computational requirements. Whilst the 0-D 
approach is adequate for modelling the balance of plant, 1-D modelling of the SOFC 
and SOEC was identified as the best method to address the main research questions, 
especially the thermal integration between the SOFC and SOEC, given the stringent 
constraints of maximum tolerable temperature gradients along the cells. Several 1-D 
models have been found in the SOFC literature, and a review of the relevant models 
pointed out key observations such as the steep temperature gradients associated with 
the counter-flow operation and high current density, and the adequacy of assuming 
constant flow properties along the cell at low current density. In contrast, the survey 
on SOEC modelling revealed that just a handful of macro-scale models have been 
published to date, amongst which only a single 1-D model of a planar IT-SOEC had 
been developed. With reference to model validation using experimental data, a few 
and technically-limited attempts to validate SOEC models have been reported, and a 
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systematic validation of an SOEC model using the parameter estimation technique, 
based on stack data across a range of operating conditions, had never been presented. 
On the contrary, an extensive literature on SOFC model validation at different 
experimental scales has been observed, which can help fulfil some of the research 
gaps identified within the SOEC model validation literature.  
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Chapter 3 
 
Energy Analysis of SOFC-SOEC Integration  
for High Purity Oxygen Production:  
Lumped-parameter Approach 
 
3.1. Introduction 
 
As mentioned in Chapter 1, various methods are used to extract oxygen from air 
depending on the economic range and the required purity. At present, conventional 
technologies for oxygen production are cryogenic air separation for the medium to 
large production scale at high purity (> 95%) with an energy consumption of ca. 
0.25 kWh/kg O2 [1], and adsorption-based systems for the small scale production of 
oxygen at a lower purity (< 95%) with an energy consumption in the range of 0.7-
1 kWh/kg O2 [2,3]. Oxygen can also be generated along with hydrogen via water or 
steam electrolysis. Although still under development, the SOEC offers the lowest 
electricity consumption of ca. 4.3 kWh/kg O2 compared to other types of commercial 
electrolysers such as the alkaline (AEC) or proton exchange membrane (PEMEC) 
electrolysis cells [4]. This is due to the reduction of the cell losses and the ability       
to replace part of the electrical energy required by electrolysis with thermal energy    
at the elevated operating temperatures as noted in Chapter 2. However, the energy 
consumption of the SOEC is still well above that of the currently used technologies 
for oxygen production. To overcome this, a high-efficiency system for pure oxygen 
production based on the integration of SOFC and SOEC was first proposed by Iora 
and Chiesa [5], with a predicted energy consumption of ca. 0.3 kWh/kg O2. Due to  
the novelty of such a system and the lack of a detailed methodology in the reference 
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analysis, a system-level energy analysis with an emphasis on the SOFC and SOEC is 
therefore required to understand the thermal and electrical coupling between them.  
 
In this chapter, an extensive description of the SOFC-SOEC system and its merits in 
comparison with standalone SOEC systems is provided. An energy system analysis   
is conducted to evaluate the initial feasibility of the SOFC-SOEC system for oxygen 
production using lumped-parameter, steady-state models of the SOFC, SOEC and 
balance of plant that are presented in detail. Results describing the validation of the 
system model against the published reference analysis are discussed, and the effect of 
important variables such as the operating temperature, pressure and current density on 
the system performance is analysed. 
 
 
3.2. SOFC-SOEC Process Description and Merits  
 
To overcome the high electricity consumption of oxygen production through steam 
electrolysis, a high-efficiency process for pure oxygen production based on the 
integration of SOFC and SOEC was first proposed by Iora and Chiesa [5]. Figure 3.1 
illustrates the system flowsheet for the SOFC-SOEC process for pure oxygen 
production. The SOFC provides electricity, heat and a steam-rich stream (stream 8) to 
the SOEC. The SOEC separates the steam into hydrogen that is used to fuel the SOFC 
(hydrogen-rich stream 7), and oxygen as the product of this process (stream 14). An 
air blower is utilised to move fresh air (stream 1) into the recuperator for preheating, 
then to the SOFC cathode inlet (stream 3). An ejector is employed to circulate the 
hydrogen-steam gas mixture between the SOFC anode inlet (stream 7) and the SOEC 
cathode inlet (stream 8), instead of a gas blower, due to the high temperature of the 
mixture. A small fraction of the SOEC cathode outlet (stream 9) is cooled in the 
recuperator to a temperature which is considered safe for the operation of the ejector 
compressor that is required to drive the ejector. The recuperator also cools the 
oxygen-depleted air at the SOFC cathode outlet (stream 4) and the produced oxygen 
at the SOEC anode outlet (stream 12). A multi-stage, intercooled compressor is used 
to raise the produced oxygen to the desired pressure for direct consumption or storage 
in tanks. 
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 Figure 3.1. System flowsheet for the SOFC-SOEC process for oxygen production [5] 
(Key: (1) fresh air, (2) slightly pressurised air, (3) preheated air, (4) hot O2-depleted 
air, (5) cooled O2-depleted air (exhaust), (6) H2-rich gas (ejector driven flow),           
(7) H2-rich gas to SOFC, (8) H2O-rich gas to SOEC, (9) hot H2-rich gas,          
(10) cooled H2-rich gas, (11) pressurised H2-rich gas (ejector                               
driving flow), (12) hot O2, (13) cooled O2 and                                                                    
(14) O2 product at variable pressures)      
 
 
A planar design for the SOFC and SOEC was considered in this system due to its 
desirable features discussed in Section 2.4 such as lower cell resistance, suitability for 
operation in the intermediate temperature regime, and reduced manufacturing cost. 
More importantly, a planar design was chosen in order to achieve an effective heat 
transfer and electrical connection between the cells, where SOFCs and SOECs are 
integrated within the same stack in an alternating arrangement, and connected in 
series in the so-called ‘sandwich’ configuration as shown in Figure 3.2 [5]. An 
external source of electricity is required to compensate for the difference in the 
electricity produced by the SOFC on one hand, and that consumed by the SOEC and 
balance of plant (BoP) on the other hand. In the SOFC-SOEC system for oxygen 
production, electricity is the only energy input, whereas in terms of materials input, 
only air is fed to the system as a hydrogen-steam gas mixture internally circulates 
between the SOFC and SOEC.  
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Figure 3.2. Proposed SOFC-SOEC stack for oxygen production  [5] 
    
 
The significant improvement in the energy efficiency of oxygen production in this 
system, in comparison with that of standalone SOEC systems, can be attributed to the 
following factors. Hydrogen that is co-produced from steam electrolysis at the SOEC 
is used as a fuel in the SOFC, which in turn produces the major part of electricity 
consumption of the system and releases heat in a combined heat and power (CHP) 
scheme. In addition, the SOFC converts hydrogen into steam that is fed into the 
SOEC, without incurring extra energy loss in generating steam from water as in 
standalone SOEC systems. The high-quality heat released from the exothermic 
hydrogen oxidation reaction in the SOFC is recovered by the endothermic mode of 
operation in the SOEC, where this ‘free’ heat partially replaces the electrical 
consumption of the SOEC. Moreover, the SOFC ‘heat source’ eliminates the need for 
the SOEC to operate at somewhat high current densities above the thermoneutral 
point in the exothermic mode of operation, typically necessary in standalone SOEC 
systems to self-provide the heat required for the endothermic steam electrolysis 
reaction and maintain the temperature of the stack at its design point. As a result,  
both the SOFC and SOEC within this system can operate at relatively low current 
densities where cell overpotentials are lower, leading to a significant reduction in the 
specific energy consumption of the system. 
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Some of the practical ‘challenging’ aspects envisaged in the design and operation of  
this particular system include the start-up of the process and materials durability. For 
the start-up, an electrical heater and a water reservoir are probably needed to raise    
the temperature of the stack gradually from ambient to the operating temperature    
and convert water into steam in the circulating loop between the SOFC and SOEC.   
A hydrogen make-up cylinder along with the water reservoir may also be needed to 
compensate for leaks in the hydrogen-steam mixture circulating between the SOFC 
and SOEC due to sealant problems anticipated with prolonged operation. Another 
material durability issue is the excessive corrosion rate associated with the operation 
of oxygen and steam at relatively high temperature, which can be mitigated by the use 
of stainless steel materials throughout the system.           
 
The process can in principle be operated at a range of scales due to the modular nature 
of the cells. As will be presented later in this chapter, the process results in a predicted 
energy consumption which is comparable to that of cryogenic air separation units for 
the large to medium production scale, and lower than that of adsorption-based 
systems typically used for the small production scale. In addition, this process has   
the merits of producing virtually pure oxygen at the small production scale and       
on-site, avoiding the various losses and costs associated with the transportation and 
storage of centrally-produced oxygen when high purity oxygen is required that were 
mentioned earlier in Section 1.1. 
 
 
3.3. Model Description and Assumptions 
 
An energy system analysis was conducted to evaluate the initial feasibility of the 
SOFC-SOEC system for oxygen production. The system as reported in the reference 
analysis [5] was reproduced as the ‘baseline’ for a following sensitivity analysis by 
modelling the SOFC, SOEC and BoP in a zero-dimensional (0-D), lumped-parameter 
approach and in steady-state mode of operation. 
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3.3.1. Solid Oxide Fuel Cell (SOFC) 
 
The SOFC model calculates the specific electrical and thermal energies produced by 
the SOFC as well as the flow rates and compositions of the cathode and anode outlet 
streams. The anode and cathode outlet temperatures are assumed to be the same as  
the assigned operating temperature of the SOFC. The cathode inlet temperature is 
determined from the assigned minimum temperature difference within the recuperator 
(Section 3.3.5), whilst the anode inlet temperature is calculated from the ejector 
energy balance.  
 
The electrical current produced by the SOFC ( I ) is calculated from the quantity of 
hydrogen consumed in the reaction using Faraday's Law expressed in Equation 3.1, 
where           is the molar flow rate fed at anode inlet, 
2 , , H an in
y is the molar fraction of 
hydrogen at anode inlet and 
2,f H
U is the hydrogen fuel utilisation. The latter is 
defined as the ratio between the quantity of hydrogen ‘fuel’ consumed in the reaction 
to that supplied to the fuel cell anode. The molar flow rate of oxygen consumed in the 
reaction (          ) (i.e. the extent of the reaction) is then calculated from the known 
current using Faraday's Law as given in Equation 3.2.  
     
                                           Eqn. 3.1 
                                                                               Eqn. 3.2 
 
The electrical power (
,electric SOFCP ) and the mass-specific electricity ( SOFCE ) produced 
by the SOFC can be calculated from its current, operating voltage ( SOFCU ) and the 
mass flow rate of oxygen consumed (           ) as expressed in Equations 3.3 and 3.4, 
respectively. The SOFC operating voltage is calculated by solving the electrochemical 
model developed for anode-supported SOFC by Aguiar et al. [6], which relates gas 
species concentrations, cell temperature and the average current density to the cell 
operating voltage. This model takes into account the ohmic losses, concentration 
overpotentials at both electrodes and activation overpotentials. 
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,electric SOFC SOFCP I U                                                   Eqn. 3.3 
                                                                                                                    
                                                                                                                        Eqn. 3.4 
 
The molar flow rates and compositions at the outlet of the anode and cathode are 
obtained through component mole balances. For instance, the mole balance of oxygen 
is given in Equation 3.5, where               and             are the molar flow rates of 
oxygen at the cathode outlet and inlet, respectively:    
 
                                           Eqn. 3.5 
 
In order to determine the thermal power released by the SOFC ( SOFCQ ) due to the 
overall exothermic reaction ( 1
2 2 22
H + O H O ) and assigned operating temperature,  
an energy balance around the SOFC is conducted, taking into consideration the 
enthalpies of inlet streams (streams 3 and 7), enthalpies of outlet streams (streams 4 
and 8) and the electrical power produced by the SOFC: 
 
                
                           Eqn. 3.6 
 
where     is the molar flow rate of stream  j, and 
jh  is the molar-specific enthalpy of 
stream  j with respect to its constituent chemical elements at the standard temperature 
and pressure (STP) conditions of 298 K and 1.013 bar. It is worth noting that the ‘heat 
of reaction’ term does not appear in Equation 3.6 due to the use of a ‘common datum’ 
as a reference for all energies associated with the system, a good practice in modelling 
chemical engineering processes [7]. For the molar-specific enthalpy of stream  j, this 
gives: 
   
                                                              Eqn.3.7 
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where                   represents the difference in energy between a mixture of 
components in stream  j at a given temperature, pressure and composition and its   
pure chemical components at a reference conditions (e.g. STP), and ,
1
NoComp
F
i j i
i
y h

 is 
the energy difference between pure chemical components at the reference conditions 
and their constituent chemical elements at the same reference conditions (i.e. the 
specific enthalpy of formation contribution) [7]. 
 
 
3.3.2. Solid Oxide Electrolysis Cell (SOEC) 
 
The SOEC model calculates the specific electrical and thermal energies required by 
the SOEC to sustain the steam dissociation reaction in addition to the flow rates and 
compositions of the cathode and anode outlet streams. Again, the temperature of the 
outlet streams of the cathode and anode are assumed to be the same as the operating 
temperature of the SOEC. The temperature of the cathode inlet stream is the same as 
the temperature of the anode outlet of the SOFC.  
 
Since SOFCs and SOECs are connected in series within the same stack, the molar 
flow rate of oxygen generated in the steam dissociation reaction can be calculated 
from the current, previously calculated in the SOFC model, as shown in Equation 3.8. 
The molar flow rates and compositions of hydrogen and steam at the cathode outlet 
are obtained through component mole balances around the SOEC.  
                                                                               Eqn. 3.8 
The electrical power ( ,electric SOECP ) and the mass-specific electricity ( SOECE ) 
consumed by the SOEC can be calculated from the current, operating voltage ( SOECU ) 
and mass flow rate of generated oxygen (              ) as shown in Equations 3.9 and 
3.10, respectively. The SOEC operating voltage is calculated from the solution of the 
electrochemical model for cathode-supported SOEC developed by Udagawa et al. [4], 
which accounts for ohmic losses, concentration overpotential at the thick cathode and 
activation overpotentials.     
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,electric SOEC SOECP I U                                                 Eqn. 3.9 
                                                                                                                  
                                                                                                                       Eqn. 3.10 
 
In a similar way to the SOFC model, an energy balance is conducted around the 
SOEC as expressed in Equations 3.11. The purpose of this balance is quantifying the 
thermal energy required by the SOEC ( SOECQ ) to carry out the endothermic steam 
dissociation reaction and maintain the assigned operating temperature. The thermal 
energy produced by the SOFC (the heat source) and that required by SOEC (the    
heat sink) are compared to ensure good thermal integration as will be discussed in 
Section 3.4.2. The enthalpy of the only inlet stream (stream 8), enthalpies of the  
outlet streams (streams 6, 9 and 12) and the electrical power required by the SOEC 
(supplied by both the SOFC and auxiliary power source) are taken into consideration 
in the energy balance around the SOEC. 
   
                                             
                                       Eqn. 3.11 
 
 
3.3.3. Compressor/ Air Blower 
 
For given pressure ratio and compressor efficiencies, the compressor model calculates 
the rise of the gas temperature due to compression in addition to the power required to 
drive the compressor. The following assumptions were considered in this model [8]:  
 
• Negligible heat losses from the compressor 
• Negligible change of kinetic energy of the gases flowing into and out of the 
compressor 
• Ideal gas behaviour   
 
The temperature rise of a gas undergoing compression at a pressure ratio of out inP P  
can be expressed as shown in Equation 3.12 [8]: 
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1
1outincompress
isen in
PT
T
P



 
      
  
 
                                 Eqn. 3.12  
where   is the ratio of the mass-specific heat capacity of the gas at constant pressure 
to that at constant volume (
p vc c ) and isen  is the isentropic efficiency defined as the 
ratio between the work that would be performed by the compressor assuming 
isentropic (reversible) conditions, to the actual work performed by the compressor to 
raise the pressure from inP  to outP . 
 
The power drawn by the compressor can be calculated through Equation 3.13, where  
.              is the mass flow rate of the gas flowing through the compressor, and mech  is 
the mechanical efficiency which takes into account losses associated with the shaft 
that drives the compressor such as friction in the bearings [8]. 
                                                 Eqn. 3.13 
 
 
 3.3.4. Multi-stage Compressor 
 
As seen in the previous section, the temperature rise due to compression and the 
power consumption of the compressor increase as the required pressure ratio 
increases. The use of multi-stage compression, where the gas is cooled after each 
stage of compression, improves the efficiency of the overall compression process and 
reduces the power consumption of the compressor, especially at high pressure 
ratios [9]. For a required pressure ratio, and a given number of compression stages 
and compressor efficiencies, this model calculates the pressure ratio, the temperature 
rise due to compression and the power consumption for each stage of compression.  
 
For an ideal intercooling, where the intercooling exit temperature is the same as the 
inlet temperature to the fist stage of compression, the minimum power drawn by the 
multi-stage compressor is obtained by adopting an equal pressure ratio across each 
compression stage as shown in Equation 3.14 [9]:  
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   Eqn. 3.14 
where NoStage is the number of compression stages, and , ,
1
NoStage
loss cool i
i
P

 are the 
pressure losses occurring at the cooling stages. Temperature rise due to compression 
and power consumption for each stage of compression can be calculated as shown 
previously in Equations 3.12 and 3.13, respectively. Pressure losses at each cooling 
stage and the intercooling exit temperature are assumed in this model according to the 
values reported in Section 3.4.1. 
 
 
3.3.5. Recuperator 
 
The recuperator is modelled as a single heat exchanger where heat transfers between 
multiple hot and cold streams simultaneously, often leading to significant reductions 
in energy and capital costs of chemical processes [10]. The energy balance of a multi-
stream recuperator is given in Equation 3.15, where the net energy of all hot streams 
is equal to that of cold streams [10]: 
   
              Eqn. 3.15 
  
By way of illustration, the energy balance on the recuperator for the baseline case 
operating at a temperature of 1023 K is shown in Figure 3.3. The temperature of 
stream 3, the outlet of the only cold stream, is fixed by the assigned minimum 
temperature difference within the recuperator (i.e. the approach temperature). The 
temperature of stream 10 is taken to be 623 K, a safe operating temperature for the 
ejector compressor [5]. The outlet temperature of the other hot streams (streams 5 and 
13) can be calculated from the energy balance assuming an equal temperature, a 
simplifying assumption adopted in rating multi-stream recuperators [11]. 
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Figure 3.3. Energy balance on the recuperator for the baseline case  
at the operating temperature of 1023 K 
 
 
It is important to note that the energy balance on the recuperator (Equation 3.15) does 
not provide information on the minimum temperature driving force constraint. Hence, 
there is no assurance that the solution obtained is free of temperature crossovers or 
violation of the minimum temperature driving force constraint [10]. Pinch analysis is, 
therefore, used to ensure that recuperators do not violate the laws of thermodynamics 
and the constraint of the minimum temperature driving force [10,11]. To further 
explain this concept, the composite curve of the baseline case will be presented in 
Section 3.4.2. 
 
 
3.4. Simulation Results and Discussion 
 
The governing equations that represent the physics and chemistry of the units 
discussed in the previous sections are solved using gPROMS ModelBuilder [12], an 
equation-oriented modelling environment that is used across the process life cycle. 
The important input parameters and operating conditions applied in the lumped-
parameter (0-D) analysis are introduced in Section 3.4.1. Simulation results of the 
baseline case and validation against the system energy balance reported in the 
reference analysis [5] are summarised in Section 3.4.2. Sections 3.4.3-3.4.5 present a 
sensitivity analysis that is conducted to study the effects of some of the important 
operating conditions such as the operating temperature, SOEC anode pressure and 
current density, on the system performance. 
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3.4.1. Input Parameters and Operating Conditions 
 
The important input parameters and operating conditions for the different units of the 
system are summarised in Table 3.1. These data are taken from the reference system 
analysis of Iora and Chiesa [5] except for the SOFC and SOEC operating voltages, 
which were calculated from the electrochemical models of Aguiar et al. [6] and 
Udagawa et al. [4], respectively, evaluated at the assigned operating temperature    
and the average composition between the inlet and outlet. The physical properties of 
the cells materials and the dimensions of the cells can be found in [4,6], and are 
considered representative of conventional solid oxide cell materials, usually YSZ 
electrolyte, NiO/YSZ cermet for the SOFC anode (SOEC cathode) and LSM/YSZ 
composite for the SOFC cathode (SOEC anode). Throughout this work, the physical 
and thermodynamic properties of the gases such as heat capacities, densities, 
enthalpies and Gibbs free energy are computed using Multiflash [13] assuming ideal 
gas behaviour.  
   
The remaining input parameters for the various units are typical values for the BoP 
units supporting the production of oxygen. The total pressure drop in the air circuit 
(streams 2-5) is fixed to 0.02 bar. The pressure drop in the hydrogen-steam loop 
(streams 6-8) and the ejector driving flow conditions required to overcome this loss, 
namely the mass fraction and the pressure ratio of the ejector compressor, are 
estimated according to the methodology outlined in the reference analysis [5] for the 
flow conditions therewithin. The pressure drop in the air circuit and that in the 
hydrogen-steam loop are kept constant throughout this work due to their negligible 
effect on the overall system energy demand (maximum error < 0.5%). An approach 
temperature of 50 K is considered for the recuperator based on best practices in the 
field of micro gas turbines [14], consistent with that adopted in other studies on high 
temperature electrolysis [15,16]. A pressure drop of 0.005 bar is assumed in each 
stream passing the recuperator. The isentropic and mechanical efficiencies considered 
for the compressors are typical values in line with those reported in references [16-
18]. The optimum number of compression stages in a multi-stage compressor depends 
on the required pressure ratio and the pressure drop in each cooling stage [19], and is 
usually between two and four stages [9]. For the baseline case with a pressure ratio of 
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ten, three stages are required in the multi-stage compressor, with an assumed pressure 
drop of 2% of the absolute pressure in each intercooling stage. A similar pressure 
drop is assumed in the cooler placed between the exit of the recuperator (stream 13) 
and the inlet of the multi-stage compressor. The exit temperature of each cooling 
stage is set to 308 K, considering 20 K approach temperature above the ambient 
temperature (288 K) [19].  
 
 
Table 3.1:  Input parameters and operating conditions of the SOFC-SOEC system for 
the baseline case 
Description Value Unit 
Operating temperature 1023 K 
Operating pressure, except SOEC anode pressure 1.013 bar 
SOEC anode pressure 0.1 bar 
Current density in the SOFC-SOEC stack 500 A/m2 
Fuel utilisation (SOFC) and steam utilisation (SOEC) 75 % 
SOFC operating voltage 0.918 V 
SOEC operating voltage 0.979 V 
Pressure losses in air piping (streams 2-5) 0.02 Bar 
Pressure losses in the hydrogen-steam loop (streams 6-8) 0.004 Bar 
Mass fraction of the SOEC cathode outlet stream to drive the ejector 5 % 
Pressure ratio of the SOEC cathode outlet stream to drive the ejector 1.8 - 
Minimum temperature difference within the recuperator 50 K 
Isentropic efficiency of the air blower and ejector compressor 70 % 
Mechanical efficiency of the air blower and ejector compressor 80 % 
Number of stages in the multi-stage compressor 3 - 
Pressure drop in cooling stages 1, 2 and 3 0.004, 0.009 
and 0.02 
Bar 
Cooling stage exit temperature 308 K 
Isentropic efficiency of the multi-stage compressor 75 % 
Mechanical efficiency of the multi-stage compressor 90 % 
92 
 
3.4.2. Model Validation (Baseline Case) 
 
The baseline case refers to the conditions simulated and reported in the reference 
system analysis by Iora and Chiesa [5], where the system is evaluated at an SOFC-
SOEC operating temperature of 1023 K, SOEC anode pressure of 0.1 bar and a 
current density of 500 A/m2. This case is simulated in gPROMS (Case A), and the 
validation against the system energy balance published in the reference analysis [5] is 
presented in Table 3.2.  
 
The following quantities are introduced in Table 3.2 and subsequent tables: 
 
• System electrical energy demand: this is the sum of electricity consumed by 
the SOEC, air blower, ejector compressor, multi-stage oxygen compressor and 
vacuum pump (only for cases with SOEC anode pressure below atmospheric 
pressure) minus electricity produced by the SOFC. An external source of 
electricity is supplied as the sole energy input to the system as mentioned in 
Section 3.2. 
 
• Heat exchanged between SOFC and SOEC: this is required to maintain the 
desired operating temperature of the SOFC (heat source) and the SOEC (heat 
sink), and to supply the SOEC with the thermal energy required for the 
endothermic steam dissociation reaction. Heat generated by the SOFC is 
assumed to be fully recovered by the SOEC, and the amount of exchanged 
heat is controlled by varying the air flow rate through the SOFC cathode. 
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Table 3.2: Comparison between the energy metrics of the system for the baseline 
conditions simulated in this study (Case A) and the published results in the reference 
analysis [5] 
Specific Energy 
Case A 
(kWh/kg O2) 
Reference 
Analysis [5] 
(kWh/kg O2) 
Relative 
Difference 
(%) 
SOFC electricity production 3.074 3.075 -0.04 
SOEC electricity consumption 3.279 3.270 0.26 
Air blower electricity consumption 0.010 0.009 4.63 
Ejector compressor electricity consumption 0.009 0.009 0 
Vacuum pump electricity consumption a 0.068 0.068 b 0 
Multi-stage compressor electricity consumption 0.088 0.088 0 
System electrical energy demand 0.379 0.369 2.74 
Heat exchanged between SOFC and SOEC 1.030 1.036 -0.59 
  a. Only required for cases with SOEC anode pressure below atmospheric pressure 
  b. Not included in the original work. Calculated here for accurate results comparison  
 
 
In the reference system analysis [5], Iora and Chiesa observed that for an oxygen 
delivery pressure of 1.013 bar and the input parameters listed in Table 3.1, any 
reduction in the SOEC anode pressure increases the efficiency of the overall system. 
An SOEC anode pressure of 0.1 bar was therefore selected as a preliminary 
assumption in the reference analysis [5]. However, they did not account for the  
energy required to create this vacuum pressure in their system energy balance. For an 
accurate comparison with this study, the electricity required to create the vacuum 
should be included for cases with SOEC anode pressure below atmospheric pressure 
as shown in Table 3.2. To this end, an energy consumption of 0.068 kWh/kg O2 is 
calculated based on the performance data of a vacuum pump suitable for corrosive 
gases such as oxygen, which has a pumping flow rate and pumping-down time of 
10 L/min [20], a typical throughput of home oxygen delivery systems. Detailed 
discussion on the effect of the SOEC anode pressure on the system performance is 
provided in Section 3.4.4.   
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As seen in Table 3.2, ‘Case A’ results are in good agreement with the results reported 
in the reference system analysis [5]. There is a subtle difference in the electricity 
consumption of the SOEC as a result of the difference between the calculated and 
published operating voltages of SOEC (0.979 vs. 0.976 V, respectively). It can be 
noted that small changes in the electricity consumption or production of the SOEC 
and SOFC, respectively, lead to a noticeable difference in the system electricity 
consumption as will be further illustrated in the sensitivity analysis. In this case, an 
increase of 0.26% in the SOEC electricity consumption and a decrease of 0.04% in 
the SOFC electricity production lead to a 2.62% (out of the 2.74%) increase in the 
system electricity consumption. 
 
In terms of the thermal balance, a slight decrease in the amount of heat exchanged 
between the SOFC and SOEC can be noticed due to the aforementioned subtle 
increase in the electricity consumption of the SOEC and decrease in the electricity 
production of the SOFC, where such changes affect the energy balances of the SOFC 
and SOEC, respectively. To remove excess heat from the SOFC, an increase in the air 
flow rate at the SOFC cathode is required, leading to an increase in the air blower 
electricity consumption and further increase in the system electricity consumption. In 
this case, an increase of 4.63% in the air blower consumption increases the system 
electricity consumption by 0.12% (out of the 2.74% increase in the system electricity 
consumption). This observation suggests that the air blower consumption has a slight 
impact on the electricity consumption of the system. 
 
As noted in Section 3.3.5, pinch analysis is necessary to ensure that the solution of the 
energy balance around the recuperator is free of temperature crossovers or violations 
of the minimum temperature driving force constraint. Figure 3.4 shows the composite 
curve of the baseline case (Case A), generated using an open-source pinch analysis 
tool [21]. Most importantly, it is evident that the recuperator is feasible from a 
thermodynamic point of view as there is no temperature crossover, and that the 
minimum temperature driving force constraint is met (50 K at the upper ‘hot’ end). 
The outlet temperature of the hot streams (streams 5 and 13) calculated from the 
recuperator energy balance is 353 K, shown at the lower boundary of the hot 
composite curve. In this case, the heat flow (i.e. the duty) of the recuperator is found 
to be 2.202 kWh/kg O2 as seen from the overlap of the hot and cold composite curve.   
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Figure 3.4. Composite curve for the baseline case (Case A)  
 
 
As observed in this section, the performance of the SOFC-SOEC stack ultimately 
determines the performance of the overall system. The following sections examine the 
effects of the important operating conditions such as the operating temperature, SOEC 
anode pressure and current density on the SOFC-SOEC stack performance and the 
power consumption of the system. 
 
 
3.4.3. Effect of Operating Temperature 
 
The operating temperature plays a vital role in determining the electrochemical 
characteristics of the SOFC and SOEC. The reversible potential, activation 
overpotential, and ohmic losses are all affected by temperature. Higher temperatures 
translate into reduced overpotentials, leading to higher SOFC and lower SOEC 
operating voltages. To quantify the effect of temperature on the performance of the 
system, two new cases at the operating temperatures of 973 K (Case B) and 1073 K 
(Case C) are simulated and compared against the baseline case at 1023 K (Case A). 
Figure 3.5 presents the model-predicted polarisation curves for the SOFC and SOEC 
at different operating temperatures, whilst Tables 3.3 and 3.4 summarise the energy 
metrics for ‘Case B’ and ‘Case C’, respectively, and compare them to the energy 
metrics of ‘Case A’. 
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Figure 3.5. Model-predicted polarisation curves for the SOFC and SOEC operating at 
temperatures of 973, 1023 and 1073 K 
 
 
As shown in Figure 3.5, lower operating temperatures result in higher SOFC and 
SOEC overpotentials, and consequently, larger difference between the SOFC and 
SOEC voltages. Table 3.3 presents the energy metrics of the system at the operating 
temperature of 973 K (Case B). When the operating temperature is reduced from 
1023 K (Case A) to 973 K (Case B), the SOFC electricity production decreases by 
3.1%, the SOEC electricity consumption increases by 6.1% and the air blower 
electricity consumption increases by 153%, collectively leading to an 81.8% increase 
in the system electricity demand to a value of 0.690 kWh/kg O2. As a result of lower 
heat exchanged between the SOFC and SOEC in this case, the air flow rate is 
increased significantly by 153% to remove excess heat from the SOFC, but 
contributes to as little as 3.9% increase (out of the 81.8% increase) in the system 
electricity demand. This clearly confirms the aforementioned observation that air 
blower consumption has only a slight impact on the system electricity demand. 
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Table 3.3: Comparison between the energy metrics of the system for the operating 
temperatures of 973 K (Case B) and 1023 K (Case A) 
 
Specific Energy 
Case B 
(kWh/kg O2) 
Case A 
(kWh/kg O2) 
Relative 
Difference 
(%) 
SOFC electricity production 2.979 3.074 -3.1 
SOEC electricity consumption 3.479 3.279 6.1 
Air blower electricity consumption 0.025 0.010 153 
Ejector compressor electricity consumption 0.009 0.009 0 
Vacuum pump electricity consumption * 0.068  0.068 0 
Multi-stage compressor electricity consumption 0.088 0.088 0 
System electrical energy demand 0.690 0.379 81.8 
Heat exchanged between SOFC and SOEC 0.823 1.030 -20.1 
 * Only required for cases with SOEC anode pressure below atmospheric pressure 
 
 
In contrast, increasing the operating temperature leads to reduced losses and therefore, 
lower SOEC and higher SOFC operating voltages as can be seen in Figure 3.5. The 
advantage of raising the operating temperature is evident in Table 3.4. As 
intermediate temperature (IT) SOFCs and SOECs operate between 823 and 1073 K 
[4,6], the higher bound of the IT range (1073 K) is chosen in this case. When the 
operating temperature is raised from 1023 K (Case A) to 1073 K (Case C), a decrease 
in the SOEC electricity consumption by 3.6%, a slight increase in the electricity 
produced by the SOFC by 0.4% and a decrease in the air blower consumption by 
63.7%, lead to an overall decrease in the system electricity demand by 36.3% to a 
value of 0.241 kWh/kg O2. To accommodate the increase in the heat exchanged 
between the SOFC and SOEC in this case, the air flow rate is reduced by 63.7%, 
contributing to a reduction of only 1.6% (out of the 36.3% reduction) in the system 
electricity demand. The results shown in Tables 3.3 and 3.4 illustrate the significance 
of the operating temperature on the SOFC electricity production and SOEC electricity 
consumption, and indicates that the SOFC and SOEC are the most energy intensive 
parts of the system.  
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Table 3.4: Comparison between the energy metrics of the system for the operating 
temperatures of 1073 K (Case C) and 1023 K (Case A) 
 
Specific Energy 
Case C 
(kWh/kg O2) 
Case A 
(kWh/kg O2) 
Relative 
Difference 
(%) 
SOFC electricity production 3.087 3.074 0.4 
SOEC electricity consumption 3.160 3.279 -3.6 
Air blower electricity consumption 0.004 0.010 -63.7 
Ejector compressor electricity consumption 0.009 0.009 0 
Vacuum pump electricity consumption * 0.068  0.068 0 
Multi-stage compressor electricity consumption 0.088 0.088 0 
System electrical energy demand 0.241 0.379 -36.3 
Heat exchanged between SOFC and SOEC 1.154 1.030 12.1 
 * Only required for cases with SOEC anode pressure below atmospheric pressure 
 
 
3.4.4. Effect of SOEC Anode Pressure  
 
The SOEC anode pressure refers to the pressure of oxygen produced at the anode of 
the SOEC. Iora and Chiesa [5] pointed out that for a typical oxygen delivery pressure 
of 1.013 bar, any reduction in the SOEC anode pressure has a positive effect on the 
overall system efficiency. For a lower SOEC anode pressure, they suggested that the 
resulting decrease in the SOEC reversible potential and, subsequently, its energy 
consumption outweighs the increase in the energy consumed by the oxygen 
compressor required to raise the pressure of oxygen to its desired delivery pressure. 
Therefore, an SOEC anode pressure of 0.1 bar was chosen in the reference 
analysis [5]. However, as noted in Section 3.4.2, Iora and Chiesa did not take into 
consideration the energy required to create a vacuum pressure in the SOEC anode. 
The energy consumption of the vacuum pump is therefore included in the current 
analysis for an accurate evaluation of the system. To carefully assess the effect of 
SOEC anode pressure on the energy consumption of the system, a comparison is 
drawn between another case with an SOEC anode pressure of 1.013 bar (Case D) and 
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the baseline case with SOEC anode pressure of 0.1 bar (Case A) as presented in 
Table 3.5.  
 
 
Table 3.5: Comparison between the energy metrics of the system at the SOEC anode 
pressures of 1.013 bar (Case D) and 0.1 bar (Case A) 
 
Specific Energy 
Case D 
(kWh/kg O2) 
Case A 
(kWh/kg O2) 
Relative 
Difference 
(%) 
SOFC electricity production 3.074 3.074 0 
SOEC electricity consumption 3.450 3.279 5.2 
Air blower electricity consumption 0.018 0.010 86.6 
Ejector compressor electricity consumption 0.009 0.009 0 
Vacuum pump electricity consumption a 0 0.068 -100 
Oxygen blower/compressor electricity consumption 0.001 b 0.088 -98.9 
System electrical energy demand 0.404 0.379 6.4 
Heat exchanged between SOFC and SOEC 0.859 1.030 -16.6 
(a)  Only required for cases with SOEC anode pressure below atmospheric pressure 
(b)  Based on the performance of a single-stage blower  
 
 
As shown in Table 3.5, when the SOEC anode pressure is raised from 0.1 bar 
(Case A) to 1.013 bar (Case D), the SOEC electricity consumption increases by 5.2%, 
whilst the electricity consumption by the vacuum pump is eliminated and that of the 
oxygen compressor is nearly eliminated. Together, these factors lead to 4.2% increase 
(out of the 6.4% increase) in the system electricity consumption. As proven in the 
previous section, this clearly identifies the SOEC (and SOFC) as the most energy-
intensive parts of the system. The multi-stage compressor is replaced with an oxygen 
blower in the case of SOEC anode pressure of 1.013 bar (Case D) to compensate for 
minor pressure losses of 0.025 bar in the oxygen product stream occurring within the 
recuperator and cooler. To remove excess heat from the SOFC in ‘Case D’, the air 
flow rate is increased by 86.6%, leading to a further increase in the system electrical 
demand to a final value of 0.404 kWh/kg O2. 
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The results shown in Table 3.5 confirm the positive effect on the system electricity 
consumption due to the reduction of the SOEC anode pressure, which was initially 
suggested by Iora and Chiesa [5]. Nevertheless, the actual benefit obtained through 
the SOEC anode pressure reduction is significantly reduced from 29.6% improvement 
in the system electricity consumption, where the vacuum pump consumption is 
ignored in the energy balance (i.e. in the reference analysis [5]), to just 6.4% in the 
current analysis, where the vacuum pump consumption is accounted for in the energy 
balance. From a technical point of view, pressure difference across the electrolyte 
should be minimised in order to reduce mechanical stresses on it [22], and based on 
experimental experience, this pressure difference should not exceed 200 mbar [23] or 
250 mbar [24]. Working with an SOEC anode pressure as low as 0.1 bar (i.e. pressure 
difference across the electrolyte > 900 mbar) implies a larger technical risk of 
materials failure due to the nature of the thin and brittle ceramic electrolytes (and 
other cell materials) and the mechanical stresses that are already induced due to the 
high temperature operation and temperature gradients along the cell. Given the 
marginal benefit on the system electricity consumption and the high technical risk due 
to the SOEC anode pressure reduction, adopting an SOEC anode pressure as low as 
0.1 bar for the SOFC-SOEC system for oxygen production may not be justified. 
Therefore, an SOEC anode pressure of 1.013 bar will be considered when the most 
realistic and promising cases are evaluated later in this work.  
 
 
3.4.5. Effect of Current Density  
 
Current density is an important variable that affects the electrochemical performance 
of both the SOFC and SOEC, which in turn determine the system performance to a 
great extent. It directly affects the concentration, activation and ohmic overpotentials 
as higher current density leads to higher overpotentials and, therefore, higher energy 
demand of the system. A brief sensitivity study on the effect of current density has 
previously been conducted for the operating conditions reported in the reference 
analysis [5]. The analysis conducted here, however, considers a more realistic SOEC 
anode pressure of 1.013 bar, and the better performance realised when operating at a 
temperature of 1073 K. Figure 3.6 presents the model-predicted polarisation curves 
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for the SOFC and SOEC at these conditions. To study the effect of current density on 
the energy consumption of the system, the system is evaluated at three current 
densities: a current density of 500 A/m2 that was used at the baseline conditions 
(Case E), a lower current density of 250 A/m2 (Case F) and a higher current density of 
750 A/m2 (Case G). Table 3.6 presents a comparison between the energy metrics for 
‘Case F’ and ‘Case E’, whilst Table 3.7 presents a comparison between the energy 
metrics for ‘Case G’ and that for ‘Case E’.  
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Figure 3.6. Model-predicted polarisation curves for the SOFC and SOEC operating at 
a temperature of 1073 K and an SOEC anode pressure of 1.013 bar 
 
 
From Figure 3.6, it can be shown that lowering the current density leads to lower 
overpotentials and smaller gap between the operating voltages of the SOEC and 
SOFC. As illustrated in Table 3.6, when current density is reduced from 500 A/m2 
(Case E) to 250 A/m2 (Case F), the SOEC electricity consumption decreases by 1% 
and the SOFC electricity production increases by 1.1%, together leading to 23.6% 
reduction in the system electricity demand. As noted earlier, SOEC and SOFC are the 
main elements in calculating the system electricity demand. As a result of the 
increased heat exchange between the SOFC and SOEC, the air flow rate is reduced by 
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24.9%, reducing the system electricity demand by a further 1.1%. On the other hand, 
the ejector compressor electricity consumption doubles as a direct result of decreasing 
the current density, and consequently reducing the oxygen production by 50%. The 
100% increase in the ejector compressor electricity consumption increases the system 
electricity demand by as little as 3.1%, showing a low impact of the former on the 
latter. In order to simplify the design of the ejector, the volume flow rate of the 
hydrogen-steam loop (streams 6-8 in Figure 3.1) is held constant, whilst current 
density is lowered by decreasing the hydrogen and steam utilisations. Consequently, 
pressure drop in the hydrogen-steam loop and the ejector driving flow conditions 
necessary to overcome this pressure drop are kept constant, whereas changes in the 
ejector compressor ‘specific’ electricity consumption are only due to changes in the 
quantity of produced oxygen. In summing up the different effects described above, as 
current density reduces from 500 A/m2 (Case E) to 250 A/m2 (Case F), the net effect 
on the system is a 21.6% reduction in its overall electricity demand to a value of 
0.215 kWh/kg O2. 
 
 
Table 3.6: Comparison between the energy metrics of the system at a temperature of 
1073 K, SOEC anode pressure of 1.013 bar and current densities of 250 A/m2 
(Case F) and 500 A/m2 (Case E) 
 
Specific Energy 
Case F 
(kWh/kg O2) 
Case E 
(kWh/kg O2) 
Relative 
Difference 
(%) 
SOFC electricity production 3.119 3.087 1.1 
SOEC electricity consumption 3.307 3.339 -1 
Air blower electricity consumption 0.009 0.012 -24.9 
Ejector compressor electricity consumption 0.017 0.009 100 
Oxygen blower/compressor electricity consumption 0.001 0.001 0 
System electrical energy demand 0.215 0.274 -21.6 
Heat exchanged between SOFC and SOEC 1.007 0.975 3.3 
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Vice versa, raising the current density leads to higher overpotentials and larger 
difference between the operating voltages of the SOEC and SOFC as shown in 
Figure 3.6. This fact is reflected in the energy metrics presented in Table 3.7. As 
current density is raised from 500 A/m2 (Case E) to 750 A/m2 (Case G), the SOEC 
electricity consumption increases by 1% and the SOFC electricity production 
decreases by 1%, both leading to a 23.5% increase in the system electricity demand. 
Moreover, the air flow rate is increased by 24.7% due to the reduced heat exchange 
between the SOFC and SOEC in ‘Case G’, leading to a further increase in the system 
electricity demand by 1.1%. In contrast, the ejector compressor electricity 
consumption reduces by 33.3% as a result of the 50% increase in current density and 
subsequent increase of oxygen production in ‘Case G’. This decrease in the ejector 
compressor electricity consumption reduces the system electricity demand by 1.1%. 
As the ejector compressor electricity consumption has the same contribution to the 
system electricity demand as the air blower but in the opposite direction (1.1%), the 
net effect on the system is determined exclusively by the SOFC-SOEC stack 
performance in this case, which is a 23.5 % increase in the system electricity demand 
to a value of 0.339 kWh/kg O2. 
 
 
Table 3.7: Comparison between the energy metrics of the system at a temperature  of 
1073 K, SOEC anode pressure of 1.013 bar and current densities of 750 A/m2 
(Case G) and 500 A/m2 (Case E) 
 
Specific Energy 
Case G 
(kWh/kg O2) 
Case E 
(kWh/kg O2) 
Relative 
Difference 
(%) 
SOFC electricity production 3.055 3.087 -1 
SOEC electricity consumption 3.371 3.339 1 
Air blower electricity consumption 0.015 0.012 24.7 
Ejector compressor electricity consumption 0.006 0.009 -33.3 
Oxygen blower/compressor electricity consumption 0.001  0.001 0 
System electrical energy demand 0.338 0.274 23.5 
Heat exchanged between SOFC and SOEC 0.943 0.975 -3.3 
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A noteworthy remark is the difference between the operating current density of the 
SOFC-SOEC system for oxygen production and that of standalone SOEC systems. 
From an energy efficiency point of view, the endothermic mode of operation is 
preferable in SOEC systems as heat from external sources such as industrial waste 
heat, nuclear, solar thermal or geothermal reactors replaces part of the electricity 
consumption of the system, which is usually more expensive than heat [4,25]. In 
addition, operating at lower current densities leads to reduced electricity demand of 
SOEC systems due to lower overpotentials. In the absence of external heat sources, 
however, standalone SOEC systems typically operate above the thermoneutral point, 
at moderate overpotentials in the exothermic mode of operation, where electricity is 
the only form of energy supplied to the system. In this mode, irreversible losses 
provide the necessary heat for the endothermic steam electrolysis reaction, maintain 
the temperature of the stack at the design point and heat up the inlet streams to the 
desired temperature through heat recovery from the hotter outlet gas streams [25,26]. 
For reference, the thermoneutral point for the same cell under similar operating 
conditions to those used in this analysis is around 1.29 V and 5500 A/m2, and the 
energy consumption of the SOEC stack only is 4.3 kWh/kg O2 at a current density of 
7000 A/m2 (i.e. in the exothermic mode of operation) [4,26]. This value does not 
include parasitic losses which typically accounts for 15-22% of the total energy 
consumption of SOEC systems [17,27]. On the contrary, the SOFC-SOEC system for 
oxygen production can be operated at lower current densities without the need of an 
‘external’ heat source due to the process heat integration between the SOFC as the 
‘heat source’ and the SOEC as the ‘heat sink’. At lower current densities, the 
overpotentials of both the SOFC and SOEC are lower, leading to reduced electricity 
demand of the system. In the current density range of 250-750 A/m2, the system 
results in a predicted energy consumption of 0.21-0.34 kWh/kg O2, of which 87-94% 
is consumed by the SOFC-SOEC stack (see Tables 3.6 and 3.7). A key point relevant 
to both systems, the standalone SOEC systems and the SOFC-SOEC system, is that  
the optimum choice of the operating current density requires a trade-off between 
operating cost (lower electricity demand for lower current densities) and capital cost 
(larger cell areas for lower current densities at the same oxygen production rate).  
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Figure 3.7. Comparison of the specific energy consumption for                        
different oxygen production technologies 
 
 
Another reason for the SOFC-SOEC system to operate at lower current densities is 
the competition with conventional technologies for oxygen production in terms of 
energy efficiency. Cryogenic air separation is the most mature and cost-effective 
technology for the medium to large ‘tonnage’ production plants producing 100 to 
more than 4000 tonnes per day (TPD) at high purity (> 95%) [28-30]. The specific 
energy consumption of cryogenic processes is ca. 0.20 and 0.25 kWh/kg O2 
 for 95 
and 99.5 mol% oxygen purity, respectively [1,31]. On the other hand, adsorption-
based processes such as pressure swing adsorption (PSA) offer a more attractive 
solution when the required production rate is relatively low (< 60 TPD) and/or high 
purity oxygen is not necessary (maximum oxygen purity < 95%) [30,32]. The specific 
energy consumption of PSA lies in the range 0.7-1 kWh/kg O2 for a production 
capacity of 0.03-10 TPD (higher energy consumption for smaller production) [2,3]. 
Figure 3.7 compares the SOFC-SOEC system with conventional technologies for 
oxygen production in terms of energy consumption. In principle, the SOFC-SOEC 
system can be operated at a range of scales due to the modular nature of the cells. At 
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the operating temperature of 1073 K and pressure of 1.013 bar, this system results in a 
predicted energy consumption of 0.21-0.34 kWh/kg O2 at the current density range of 
250-750 A/m2. This is comparable to the consumption of cryogenic air separation 
units used for the large to medium production scale, and lower than that of PSA 
systems for the small scale production. In addition, this system has the merits of 
producing nearly pure oxygen at the small scale on-site, avoiding the various losses 
associated with the transportation and storage of centrally-produced oxygen when 
high purity oxygen is required. As a result, the SOFC-SOEC system shows clear 
advantages in comparison with PSA systems. It follows that in order to remain 
competitive with PSA systems in terms of energy efficiency, the SOFC-SOEC system 
must be operated at relatively low current densities (below 2000 A/m2). 
 
 
3.5. Conclusions 
 
An energy system analysis has been conducted to evaluate the initial feasibility of 
pure oxygen production through the integration of SOFC and SOEC. Mathematical 
models based on lumped-parameter approach and steady-state operation has been 
employed for the SOFC, SOEC and balance of plant. The system has been validated 
against the baseline case reported in the published reference analysis, followed by a 
sensitivity analysis that has been performed to study the effects of important variables 
such as the operating temperature, SOEC anode pressure and current density on the 
system performance.  
  
A good agreement was obtained between the results of the current analysis at the 
baseline conditions and that of the published, reference analysis. Adequate thermal 
integration was also verified for the baseline case at the system level, particularly 
within the recuperator. The sensitivity analysis has shown a large impact of the 
operating temperature on the system performance, with a decrease of the SOFC and 
SOEC overpotentials and consequent reduction in the system electricity consumption 
as temperature increases. Upon considering the energy required to create vacuum 
pressure in the SOEC anode, it was found that the high risk of materials failure       
due to the SOEC anode pressure reduction outweighs the marginal benefit on the 
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system energy consumption and therefore, producing oxygen in the SOEC anode at 
atmospheric pressure should be considered. In comparison with standalone SOEC 
systems, it was observed that the SOFC-SOEC system can be operated at low current 
densities, without the need of an external heat source, where both SOFC and SOEC 
overpotentials are lower leading to reduced electricity demand of the system. A 
comparison with conventional technologies for oxygen production in terms of energy 
efficiency confirmed the necessity of the system to operate at low current densities. 
With a predicted energy consumption of 0.21-0.34 kWh/kg O2 for the current density 
range of 250-750 A/m2 at an operating temperature of 1073 K and pressure of 
1.013 bar, the SOFC-SOEC system for oxygen production has been revealed as a 
good candidate to compete with PSA systems for the small scale oxygen production 
in terms of energy consumption, with an additional advantage of producing high 
purity oxygen on-site at the small scale. 
 
The significant contribution of the SOFC-SOEC stack energy consumption, which 
accounts for 87-94% of the overall energy consumption of the system, along with the 
characteristics of electrochemical models that use generic materials and kinetic data 
for the SOFC and SOEC in this analysis, necessitate a careful examination of the 
adopted electrochemical models. To reduce the uncertainty in the predicted cell 
voltages and the system energy consumption, experimental validation using stack and 
single repeating unit data is introduced in Chapter 4.    
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Chapter 4 
 
Experimental Validation of the SOEC 
Electrochemical Model Using Stack                           
and Single Repeating Unit Data 
 
 
4.1. Introduction  
 
A system analysis based on lumped-parameter modelling of pure oxygen production 
through the integration of SOFC and SOEC has been presented in Chapter 3. The 
sensitivity analysis on the system performance predicted an energy consumption 
significantly less than that of PSA systems typically used today for the small scale 
oxygen production. It also revealed the prevailing effect of the SOFC and SOEC 
operating voltages on the overall energy consumption of the system. Given the use of 
non-validated electrochemical models that use generic materials data and kinetic 
parameters in that analysis, a thorough examination of the electrochemical model 
through experimental validation is therefore necessary to reduce the uncertainty in the 
predicted cell voltages. This issue is particularly relevant to the SOEC as its 
performance was assumed to be symmetrical to that of the SOFC, an assumption 
which is not always true for any set of materials. As noted in Chapter 2, only a limited 
amount of validation work exists in the SOEC literature [1-5], and a systematic 
validation of the SOEC electrochemical model across a range of operating conditions 
based on single repeating unit (SRU) or stack data has not been previously reported. 
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The present chapter reports on the validation of the SOEC electrochemical model 
using experimental data obtained from two experimental settings: a 5-cell SOEC stack 
and an SOEC single repeating unit (SRU). Experimental aspects of the two validation 
attempts are presented in detail, followed by a description of the electrochemical 
model and the parameter estimation technique used in the validation. Relevant cell 
material properties are surveyed defining the set of estimated parameters and their 
bounds. Results describing the quality of the parameter estimation from the two 
attempts are analysed, and key issues related to the conditions of the two experimental 
setups, electrochemical model selection and symmetry between SOEC and SOFC 
operation are discussed.  
 
4.2. Experimental 
 
Data from two separate experiments are used in the parameterisation of the SOEC 
electrochemical model as part of the RelHy European project on innovative SOEC 
stacks for efficient and reliable hydrogen production [6]. The first set was obtained 
from a 5-cell SOEC stack test at the European Institute for Energy Research (EIFER) 
in Germany (the author spent time with EIFER to help conduct these tests), and the 
second set from an SOEC single repeating unit (SRU) test conducted at the 
‘Commissariat à l'énergie atomique et aux énergies alternatives’ (CEA) in France.  
 
The first attempt to validate the SOEC electrochemical model was conducted using 
the EIFER stack test data and presented in [7]. The cells used were both planar and 
cathode-supported from Topsoe Fuel Cells with an active area of 100 cm2. The cells 
comprised a 280 µm thick NiO/YSZ cathode support, 10 µm thin 8YSZ electrolyte 
and 10 µm thin LSM/YSZ anode. Five of these cells were connected by coated Crofer 
interconnects and integrated in a cross-flow 5-cell stack from Topsoe, shown in 
Figure 4.1. Description of the stack and its instrumentation can be found in [8].   
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Figure 4.1. Topsoe 5-cell short stack tested at EIFER [8] 
 
 
Measurements were conducted on the stack after 1500 hours of operation. Due to 
stringent constraints on the stack, polarisation curves were obtained at only two 
temperatures of 1040 and 1095 K. At each temperature, three cathode inlet gas 
compositions were selected (expressed in vol.%): 90% H2O and 10% H2; 64% H2O 
and 36% H2; and 50% H2O and 50% H2. Different hydrogen and water liquid 
flowrates were supplied to the humidifier in order to meet the different cathode inlet 
compositions, whilst the air flowrate value of 4000 NmL/min was fixed at the anode 
inlet. The maximum steam utilisation observed at 5000 A/m2 current density lay the 
range of 47-82%. 
 
The polarisation curves of the middle-cell were recorded from OCV to 5000 A/m2, 
and then from 5000 A/m2 to OCV, at current steps of 2.5 A. The holding time at each 
current step was fixed at 2 seconds, the minimum response time of a thermocouple, in 
order to maintain a constant stack temperature. A maximum stack temperature 
variation of 0.5 K is observed in each run, where temperature is taken as the average 
of the thermocouples located at the corners of the end-plates. The runs from 
5000 A/m2 to OCV have been used for the parameter estimation as they had less 
temperature variation throughout the runs. The experimental polarisation curve data 
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obtained from the EIFER 5-cell test at different temperatures and gas compositions 
are tabulated in Appendix A. 
 
The second attempt to parameterise the electrochemical model was performed using 
the CEA SRU test data. The experimental aspects of this more precisely-controlled 
test are detailed in the following sub-sections.    
 
4.2.1. SOEC Materials and SRU Stack Description 
 
The cell used in this study was a square 12 12 cm, planar electrolyte-supported cell 
delivered by the Energy Research Centre of the Netherlands (ECN), with an electrode 
area of 100 cm2. It consists of the following materials [9]: 
• Anode (oxygen electrode): 20YDC-LSCF (70±5 µm) 
• Electrolyte: 3YSZ (90±10 µm thick) 
• Cathode (hydrogen electrode): 40GDC(Co)-NiO/10GDC-NiO (55±5 µm) 
 
The anode (oxygen electrode) is made of two layers: a lanthanum strontium cobalt 
ferrite (LSCF) layer and an interlayer of yttria doped ceria with the composition 
20YDC (Y0.2Ce0.8O1.9). The interlayer minimises the mismatch in thermal expansion 
coefficients (TECs) between the LSCF layer and electrolyte, and more importantly 
prevents the formation of an undesirable high resistance layer caused by the reaction 
at high temperature (during sintering) between the electrolyte and the LSCF [10-12]. 
The electrolyte support layer is made of 3 mol% tetragonal yttria stabilised zirconia 
(3YSZ or TZ3Y). The cathode (hydrogen electrode) consists of three layers. The first 
layer on top of electrolyte is gadolinia doped ceria with the composition 40GDC 
(Gd0.4Ce0.6O1.8), additionally doped with 2 mol% cobalt (Co) to enhance densification 
during sintering [13]. This layer establishes the mechanical contact between the 
electrolyte and the cathode functional layer [14]. The functional layer (layer 2) is 
made of NiO mixed with 10GDC (Gd0.1Ce0.9O1.95) (65/35 wt%) [13]. The third layer 
is NiO layer to improve current collection [14].  
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Description of the first generation (Gen1) SRU is taken from [9,15]. It comprises two 
15 15 cm interconnect plates (1 cm thick) made of Crofer 22 APU, with a counter-
flow gas distribution arrangement. Using screen printing, the interconnects were 
coated with NiO on the hydrogen side, and with La0.75Sr0.2MnO3 (LSM) on the 
oxygen side. The SRU active area was 85.4 cm2 defined by the interconnect coating. 
Schott 8422 pre-sintered glass bars were used as sealants, whilst mica foil was used 
between interconnects to ensure electrical insulation. 
 
K-type thermocouples were fixed into holes drilled within the interconnect plates, and 
voltage probes were spot-welded to each interconnect plate. Steam was generated 
using a liquid water mass flow-controller (Brooks Instruments) coupled with an 
evaporator developed at CEA. A mechanical load (130 kg) was applied through a 
ceramic rod after the cell reduction in order to optimise the electrical contacts and the 
gas tightness. The latter was verified by measuring the outlet flowrates from both 
electrodes at the beginning of the electrochemical tests, where the leakage rate was 
less than 0.5% [9,15].  
 
4.2.2. Experimental Procedure 
 
Polarisation curves were obtained at cell temperatures of 1023, 1073 and 1123 K. At 
each temperature, three different inlet cathode gas compositions were selected 
(expressed in vol.%):  
• High steam content: 89.5% H2O and 10.5% H2 
• Medium steam content: 68.5% H2O and 10% H2 (balance N2) 
• Low steam content: 48.5% H2O and 10% H2 (balance N2) 
 
Before each run, the cell was left for one hour at OCV to stabilise. The total flow rate 
of gas mixture supplied to the cathode, and air supplied to the anode, was fixed at 
1200 NmL/min, where N denotes normal temperature and pressure (NTP) conditions 
of 273.15 K and 101325 Pa. 
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The polarisation curves were recorded from 0 to 10000 A/m2 (or until the voltage 
exceeded 1.7 V), and from 10000 to 0 A/m2 in galvanostatic (i.e. current-following) 
mode using a POWERTEN power supply [9]. Data were recorded at currents of 1, 2, 
4, 6, 8 and 10 A, and in current steps of 5 A thereafter. A holding time of 30-60 
seconds was applied at each current step to allow the cell voltage to stabilise [16]. 
4.2.3. Data Acquisition and Processing 
The flowrates of the different species were measured at the inlet, whereas those at the 
outlet were calculated based on the fact that the leakage rate was very low, as verified 
in Section 4.2.1. Good measurements of the outlet flowrates were difficult to obtain 
during a polarisation curve run due to the high current ramp rates and the presence of 
humidity [16]. For model validation, the gas composition used to calculate the cell 
voltage at each current step was taken as the average between the inlet and outlet 
compositions.  
 
The temperature was measured as the average of the six thermocouples located at the 
inlet, middle and outlet of the two interconnects. A maximum variation of 1.5 K was 
detected during the different runs. A small hysteresis was observed between 
polarisation curves starting from OCV and those ending at OCV, which might be 
attributed to the endothermic and exothermic modes of operation below and above the 
thermoneutral voltage, respectively. An inspection of the data is conducted to ensure 
that it is free from outliers and to ensure consistency of the OCV trends with respect 
to temperature and gas composition.   
 
Figure 4.2 shows the experimental polarisation curves obtained from the CEA SRU 
test at different temperatures and gas compositions that were used in the parameter 
estimation. An important observation is the negligible (0.2-3%) voltage difference at 
different compositions whatever the temperature is (a maximum voltage difference of 
3% is observed at 1123 K). As expected, the concentration overpotential cannot be 
detected in electrolyte-supported cells due to the small thickness of the electrodes. 
The electrochemical model was therefore modified accordingly to reflect this fact, as 
will be shown in Section 4.3.  
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Figure 4.2. Experimental polarisation curves obtained from the CEA SRU test at 
different temperatures and gas compositions  
 
 
Although experimental data were recorded up to 10000 A/m2, or until the voltage 
exceeds 1.7 V (whichever reached first), the steam utilisation was limited to 30% in 
the data used for the parameter estimation (Figure 4.2). Ideally, the inlet flowrates 
should be high enough that the depletion of reactants is minimal along the cell [17], 
and/or a low utilisation should be adopted. For the latter however, enough data points 
should be supplied to the parameter estimation problem in order to be able to estimate 
the parameters with higher confidence. For example, the number of data points for a 
maximum steam utilisation of 30% and 20% is 103 and 80 data points, respectively. A 
30% utilisation was found to have represent a good compromise between the amount 
of data required for estimation and the assumption of limited utilisation as will be 
shown in Section 4.6.2.  
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Different types of error may arise in the parameter estimation problem including those 
associated with measurement, model development and human errors [18]. In terms of 
measuring devices, errors of the control (input) variables namely the errors of 0.5%  
of the full scale in the water liquid flowmeter [19], 1% of measurement for the gas 
flowmeters [20], and 0.65% of measurement in thermocouples [21] lead to a 
maximum error of less than 1% in the voltage at OCV, the predicted variable. 
However, larger deviations at OCV in the range 1.8-3.1% are observed between the 
measured (Figure 4.2) and model-predicted voltages. This deviation at OCV was 
therefore assigned as the relative variance for each run. 
 
4.3. Electrochemical Model Description 
 
As discussed in Sections 2.3 and 2.4, the potential of the SOEC is defined as the sum 
of the reversible open circuit potential (
revU ) and the total overpotentials (irreversible 
losses) occurring once the current is supplied to the SOEC. Extensive description of 
the physical meaning of the reversible potential and the various overpotential terms 
has been previously discussed in Section 2.3 and 2.4, respectively. 
 
The EIFER stack test data was fitted into an electrochemical model for the cathode-
supported SOEC, previously developed by Udagawa et al. [22]. This model is suitable 
for this type of cells where the concentration overpotentials are more pronounced. On 
the other hand, the CEA SRU test data was fitted into a newly developed 
electrochemical model for electrolyte-supported SOEC building on the model of 
Udagawa et al. [22]. The model modifications are summarised as follows:  
• Neglecting the concentration overpotential contribution at both electrodes  
• Use of the simple Butler-Volmer equation for the calculation of the activation 
overpotentials due to the negligible concentration overpotential, instead of 
using the extended version which takes into account differences between the 
bulk and the triple phase boundary (TPB) concentrations 
• Addition of the contact resistance as a major contribution to ohmic losses 
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Where the first two modifications are clearly evident in Figure 4.2, the significance of 
adding the contact resistance will be discussed in Section 4.6.1. The operating 
potential for electrolyte-supported SOEC is expressed in Equation 4.1. The various 
terms of this equation are described in the following sub-sections. 
 
   , ,
rev
SOEC act cathode act anode OhmU U         Eqn.  4.1 
 
4.3.1 Reversible, Open Circuit Potential (OCP) 
 
The reversible or open circuit potential represents the minimum electrical potential 
required for the steam dissociation reactions, and is determined using the Nernst 
equation. For the case of an SOEC where all reactant and products can be assumed 
ideal gases, the Nernst equation can be written as in Equation 4.2, where the standard 
potential (
0U ) is the reversible potential evaluated at the activity of unity. 
 
2 2
2
0 ln
2
H Orev
H O
p pT
U U
F p
 
   
 
 
   Eqn. 4.2 
 
4.3.2 Activation Overpotentials   
 
Activation overpotentials of the electrodes are defined as the potential losses 
associated with overcoming the energy barrier of the electrochemical reaction [23,24]. 
The Butler-Volmer equation is commonly used to describe these losses by relating the 
electrodes activation overpotentials to the current density as given in Equation 4.3: 
 
0, , ,
2(1 ) 2
exp expelectrode act electrode act electrode
F F
j j
T T
 
 
     
     
     
     Eqn. 4.3 
 ,electrode cathode anode  
 
Where   is the charge transfer coefficient taken as 0.5, and 0, electrodej  is the electrode 
exchange current density expressed as a function of temperature, electrode pre-
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exponential factor ( electrodek ) and electrode activation energy ( electrodeE ) as given in 
Equation 4.4: 
 
0, exp
2
electrode
electrode electrode
ET
j k
F T
  
  
 
   Eqn. 4.4 
    ,electrode cathode anode  
 
4.3.3 Ohmic Losses   
 
Ohmic losses are linearly dependent on current density, and are determined using 
Ohm’s Law given in Equation 4.5. They arise from the ionic resistance of the 
electrolyte, the electronic resistance of the electrodes and interconnects, and the 
contact resistance between the cell and interconnects. The ohmic resistance ( OhmR ) is 
calculated using the thicknesses and the conductivity data for each layer of the PEN 
structure as shown in Equation 4.6, assuming cross-plane charge flow and resistances 
in series [25,26]. The ionic conductivity of the electrolyte is considered to be a 
function of temperature, where the electronic conductivity of the electrodes are 
assumed constant over the range of the experiment. This assumption is justified as the 
ionic conductivity of the electrolyte is strongly thermally coupled, and is 3-4 orders of 
magnitude smaller than the electronic conductivities of the electrodes as shown in 
Section 4.5.1. The contact resistance term ( ContactR ) is assumed to include any other 
temperature-independent resistances.  
 
Ohm Ohmj R         Eqn. 4.5 
electrolytecathode anode
Ohm Contact
cathode electrolyte anode
R R
 
  
       Eqn. 4.6 
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4.4. Parameter Estimation  
 
A model is a mathematical description of the physical and chemical phenomena that 
occur in a system. The method of fitting certain model parameters to experimental or 
plant data so that the model predictions best match reality is known as parameter 
estimation [27]. The terms parameter estimation and validation are commonly used 
interchangeably. However, validation requires splitting the data into a part used for 
parameter estimation and another part for the actual validation [18]. 
 
gPROMS includes a parameter estimation tool that maximises the probability of a 
model predicting experimental measurements by estimating the values of the 
uncertain physical parameters in the model through the Maximum Likelihood 
Objective Function given in Equation 4.7 [27]. The definition of the various terms of 
this objective function is given in Table 4.1. 
 
 Eqn. 4.7 
 
Table 4.1: Definition of the terms used in the Maximum Likelihood Objective 
Function [27] 
Symbol Definition   
N  Total number of measurements taken during all experiments 
  
Set of parameters to be estimated which may be subject to given bounds 
(i.e. 
L U    ) 
NE  Number of experiments performed 
iNV  Number of variables measured in the 
thi  experiment  
ijNM  Number of measurements of the 
thj  variable in the thi  experiment 
2
ijk  Variance of the 
thk  measurement of variable j in experiment i  
 thk  measured value of variable j in experiment i  
ijkz  
thk  model-predicted value of variable j in experiment i  
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The quality of the parameter estimation is judged by the following key metrics: the 
objective function value; the 95% confidence interval, the 95% t-value and the 95% 
reference t-value; the correlation matrix; and the visual inspection of the overlay 
plots. Naturally, the lower the value of the Maximum Likelihood Objective Function 
(Equation 4.7), the better is the result of this minimisation problem. The estimated 
parameters are likely to be fine provided they pass the following tests [18]:  
• Their 95% confidence intervals should be much smaller than values of the 
estimated parameters 
• Their 95% t-value, a value that relates the estimated parameter value with its 
95% confidence interval, should be larger than the 95% reference t-value, a 
value dependent on the number of estimated parameters and the number of 
measurements [18]. If this test is not passed, either the data contains too little 
information or too many parameters are estimated for this amount of data [18].   
 
The correlation matrix describes the correlation between the estimated variables, 
where ideally off-diagonal elements of this matrix should be close to zero indicating 
weak correlation between any pair of estimated parameters [18]. Visual inspection of 
the overlay plots is simple yet powerful tool to detect any systematic errors, as will be 
discussed in Section 4.6.1. 
 
 
4.5. Material Properties 
 
A review of the cell material properties for the ECN cell used in the better-controlled 
CEA SRU test is provided in this section. The first set comprises fixed parameters 
related to the cell layer thicknesses and material properties that are reported in the 
literature with greater confidence. The second set represents the estimated (fitting) 
parameters that give the optimum fit between the model and the experimental data. 
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4.5.1. Fixed Parameters 
 
In addition to the cell layer thicknesses, some of the material properties are fixed 
during the parameter estimation. Parameters are fixed when they have more precise 
values from literature, and/or when their observability are low, where observability is 
defined as the sensitivity of the impact of the parameter on the model-predicted 
variable (i.e. the voltage in this case) [18]. The following parameters were fixed 
during the estimation: 
• the cathode electronic conductivity 
• the anode electronic conductivity 
• the electrolyte ionic conductivity activation energy 
• the anode activation energy 
• the anode pre-exponential factor.  
 
For the 20YDC-LSCF anode, an electronic conductivity value of 9000 S/m was 
collected from a partial list of the ECN cell materials properties compiled from the 
RelHy Project’s partners  by Dr. Qiong Cai [28]. The electronic conductivity value of 
80000 S/m for the 40GDC(Co)-NiO/10GDC-NiO cathode was obtained from [17,28]. 
In contrast with the constant values for the electronic conductivity of the electrodes, 
the ionic conductivity of the 3YSZ electrolyte is expressed as a function of 
temperature due to its significant contribution to ohmic losses, and the strong effect of 
temperature on its value. Equation 4.8 provides an expression for calculating the ionic 
conductivity for a doped oxide ion conductor [29,30]: 
 
expionic ionicionic
k E
T T

 
  
 
    Eqn. 4.8 
Where ionick  is the ionic conductivity pre-exponential factor, and ionicE  is the ionic 
conductivity activation energy. The ionic conductivity of the electrolyte is affected by 
several parameters such as the composition, microstructure and processing 
conditions [30]. Therefore, different values are reported in the literature for the ionic 
conductivity of the 3YSZ electrolyte. For instance, Ghatee et al. [31] found the 
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activation energies of 83.9 and 94.6 kJ/mol for the temperature regions above and 
below 823 K, respectively. Yoshida et al. [32] also observed two linear regions with 
slightly different slopes for the ionic conductivity, but with the different activation 
energy values of 76 kJ/mol for temperatures above 1073 K, and 93 kJ/mol for 
temperatures below 1023 K. From their Arrhenius plot of ionic conductivity, a value 
of ca. 1.9 S/m can be deduced at 1073 K, which is the same value interpreted from the 
Arrhenius plot presented in the work of Badwal [33].  
 
To reflect the operating temperature range of the CEA SRU test, the ionic 
conductivity data for the temperature range of 1023-1123 K was taken from Yoshida 
et al. [32] and fitted into Equation 4.8 to obtain the ionic conductivity activation 
energy and pre-exponential factor in that temperature range. The extracted ionic 
conductivity activation energy and pre-exponential factor were calculated to be 
84.36 kJ/mol and 2.6 107 K S/m, respectively. The extracted activation energy is in 
close agreement with that found by Ghatee et al. [31] for temperatures above 823 K. 
The activation energy was therefore selected as a fixed parameter in this study, whilst 
the pre-exponential factor was estimated to take into account the effects of possible 
differences in the microstructure and processing conditions on the ionic conductivity 
of the electrolyte as will be shown in Section 4.5.2.  
 
No data could be found in the literature on the activation energy for the 20YDC-LSCF 
electrode in electrolysis mode. Thus, the data used here is for the same electrode 
operated in fuel cell mode, which is also limited. As will be discussed in 
Section 4.6.4, the assumption of symmetrical or near-symmetrical behaviour of this 
electrode in the fuel cell and electrolysis modes is reasonable. Giesbers [34] studied 
the oxygen reduction process for various SOFC cathodes using electrochemical 
impedance spectroscopy (EIS) performed on symmetrical, 3YSZ electrolyte-
supported cells operating in air at the temperature range 823-1173 K. In this study, an 
activation energy of 133 kJ/mol was found for the electrode polarisation resistance 
associated with the high frequency arc for 20YDC-LSCF. This is the same 
composition and support-type for the cathode and electrolyte of the ECN cell utilised 
within the CEA SRU test (Section 4.2.1). As widely cited in the literature of oxygen 
electrodes [35-37], the high frequency arc polarisation resistance is associated with 
the electrode charge-transfer activation polarisation resistance. The activation energy 
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value reported by Giesbers [34] is consistent with the values reported in the literature 
for the same electrode [11], and with values for similar LSCF-based composite 
electrodes [17,38].  
 
The anode pre-exponential factor was calculated from its activation polarisation 
resistance as follows. In the linear range close to OCV, the electrode activation 
polarisation resistance (
,act electrodeR ) is related to the exchange current density as shown 
in Equation 4.9 [39]. By combining this with the definition of the exchange current 
density provided in Equation 4.4, an anode pre-exponential factor of 2.3 1011 S/m2 
was calculated from the high frequency arc polarisation resistance of 1.3 105 Ω  m2 at 
1073 K reported by Giesbers [34]. 
,
,
0,0
2
act electrode
act eletrode
electrodej
d T
R
dj F j



     Eqn. 4.9 
 
A list of the fixed parameters for the ECN cell used in the CEA SRU test along with 
their values and references from literature is provided in Table 4.2. 
 
Table 4.2: Summary of the fixed parameters for the ECN electrolyte-supported cell 
used in the CEA SRU test 
Parameter  Value [unit]  Reference 
Cathode thickness, cathode  55  [μm] [9] 
Electrolyte thickness,
electrolyte  90  [μm] [9] 
Anode thickness, anode  70  [μm] [9] 
Cathode electronic conductivity, cathode    80000  [S/m] [17,28] 
Anode electronic conductivity, anode    9000  [S/m] [28] 
Electrolyte ionic conductivity activation energy, ionicE  84.36  [kJ/mol] 
This study- data 
from [32] 
Anode activation energy, anodeE  133  [kJ/mol] [34] 
Anode pre-exponential factor, anodek  2.3 10
11  [S/m2] 
This study- data 
from [34] 
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4.5.2. Estimated Parameters 
 
In contrast with the fixed parameters, some material properties suffer from relatively 
large uncertainty in the literature, and are characterised by their high observability on 
the model-predicted voltage. These properties are therefore estimated to give the best 
fit to the model. The estimated parameters in this work are:  
• the cathode activation energy 
• the cathode pre-exponential factor 
• the ionic conductivity pre-exponential factor 
• the contact resistance.  
 
Data on the activation energy of NiO/GDC electrodes in fuel cell (hydrogen 
oxidation) mode is abundant compared to data of the activation energy of the same 
electrodes in electrolysis (steam reduction) mode. Since NiO/GDC electrodes exhibit 
near-symmetrical behaviour in fuel cell and electrolysis modes, as highlighted in 
[40,41], the fuel cell literature can be used here to provide a reasonable physical range 
for the activation energy of the steam reduction reaction. A wide range of activation 
energy values is expected as the literature of electrode kinetics and mechanisms is 
primarily characterised by significant variability in the reported data as noted in [42].  
 
Aravind [43] examined the hydrogen oxidation reaction by performing EIS 
measurements on symmetrical 40GDC(Co)-NiO/10GDC-NiO electrodes printed on a 
thick 3YSZ electrolyte support. This is the same composition and architecture of the 
cathode and electrolyte as the ECN cell utilised within the CEA SRU test 
(Section 4.2.1). Using humidified (4 vol.% H2O) hydrogen as the fuel in the 
temperature range 1023-1173 K, the activation energy of the high and low frequency 
arcs of the electrode polarisation resistance were found to be 99 and 142 kJ/mol, 
respectively [43]. Babaei et al. [44] performed EIS measurements in a humidified 
hydrogen environment (3 vol.% H2O) using a three-electrode arrangement with the 
following structure: NiO/10GDC (65/35 wt%) anode; 8YSZ thick electrolyte support; 
and Pt (platinum) for the counter and reference electrodes. In the temperature range         
128 
 
923-1173 K, they found the activation energy values to be 99 and 120 kJ/mol for the 
electrode polarisation associated with the high- and low frequency arcs, respectively. 
Verbraeken [45] conducted EIS measurements on symmetrical NiO/20GDC 
electrode-supported cells on 8YSZ thin electrolyte. In the temperature range 873-
1073 K and humidified (2.3 vol.% H2O) environment, the activation energy of the 
total and the high frequency arc electrode polarisation resistance were found to be 124 
and 103±3 kJ/mol, respectively.   
 
As seen above, the cathode activation energy has a wide range of values and therefore 
requires estimation. The value of 99 kJ/mol reported by Aravind [43] was used as the 
initial guess for this parameter. This value was taken as it is the activation energy for 
the high frequency arc of the polarisation resistance for the same electrode on top of 
the same electrolyte used in the CEA SRU test, and evaluated at the same operating 
temperature range. The hydrogen oxidation reaction on NiO/GDC electrodes was 
shown to exhibit high and low frequency arcs in the polarisation resistance similar to 
those observed in NiO/YSZ [44,46], where the high frequency arc is attributed to the 
charge-transfer process as suggested by Babaei et al. [44]. To ensure that all possible 
activation energy values are covered, the cathode activation energy bound was set to 
99-142 kJ/mol, representing the widest range from the above review of this parameter.          
 
Whilst the electrode activation energy reflects only the electrocatalytic activity of the 
electrode material including catalyst layers, the electrode pre-exponential factor 
correlates to both the electrocatalytic activity and the microstructure of the electrode-
electrolyte interface [34]. In fact, it was demonstrated that the electrochemical 
performance of a NiO/10GDC electrode is strongly dependent on its microstructure 
and fabrication conditions [46,47], which makes estimating the pre-exponential factor 
essential to account for such effects. Using the same method for calculating the anode 
pre-exponential factor explained in the previous section, and the cathode activation 
energy initial guess of 99 kJ/mol, an initial guess for the cathode pre-exponential 
factor was calculated to be 1.03 109 S/m2 from the high frequency arc polarisation 
resistance of 6.4 105 Ω  m2 at 1073 K interpreted from the work of Babaei et al. [44]. 
The bound of the cathode pre-exponential factor was set to 1 108 - 1 1010 S/m2      
(i.e. ± order of magnitude of the initial guess) in the absence of meaningful values for 
this parameter from the literature.   
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As with the case of the cathode pre-exponential factor, the ionic conductivity pre-
exponential factor was estimated to account for differences in microstructure and 
processing conditions. An initial guess of 2.6 107 K S/m was calculated by fitting the 
ionic conductivity data of the 3YSZ electrolyte presented in [32] into Equation 4.8 as 
explained in the previous section. The ionic conductivity pre-exponential factor bound 
was set to as wide as 2.6 106 - 2.6 108 K S/m due to the absence of physical values 
from literature, as with the case of the cathode pre-exponential.  
 
As defined in Section 4.3.3, the contact resistance between the cell and interconnect is 
a major contributor to ohmic losses in SRUs and stacks, and includes temperature-
invariant ohmic resistances. An initial guess of the contact resistance term was 
calculated from the ohmic losses definition given in Equation 4.6 using the EIS 
measurement performed by CEA [9]. An ohmic resistance value of 7 10-5 Ω m2 is 
reported at 1073 K, from which an initial guess for contact resistance of 2 10-5 Ω m2 
was calculated. From this value and knowing the significant contribution of contact 
resistance, the parameter bound was set in the range 1 10-5 - 9 10-5 Ω m2. 
 
A summary of the estimation bounds and the initial guesses of the estimated 
parameters is provided in Table 4.3.  
 
Table 4.3: Bounds and initial guesses of the estimated parameters for the ECN 
electrolyte-supported cell used in the CEA SRU test 
Parameter  
[Parameter bound] 
unit  
Remarks 
Cathode activation energy, 
cathodeE  
[99 – 142]        
kJ/mol 
Lower bound considered from [43,44] 
and upper bound considered from [43]. 
Initial guess was taken as 99 kJ/mol [43]. 
Cathode pre-exponential factor, 
cathodek  
[1 108  – 1 1010]  
S/m2 
Initial guess of 1.03 109 S/m2 was 
calculated from the activation energy 
initial guess and the high frequency 
polarization resistance data in [44].   
Electrolyte ionic conductivity pre-
exponential factor, ionick  
[2.6 106 – 2.6 108] 
K S/m 
Initial guess of 2.6 107 K S/m was 
calculated by a fit of data from [32] into 
Equation 4.8. 
Contact resistance, ContactR  
[1 10-5 – 9 10-5] 
Ω m2 
Initial guess of 2 10-5 Ω m2 was 
calculated from Equation 4.6 and using 
EIS data from [9].  
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4.6. Results and Discussion 
 
In the first attempt to parameterise the SOEC electrochemical model, the EIFER stack 
test data was fitted into the electrochemical model for cathode-supported SOEC 
developed by Udagawa et al. [22]. This model is suitable for electrode-supported cells 
with relatively pronounced concentration overpotentials. The estimated parameters 
from this set of data are shown in Table 4.4, and the input parameters for this 
electrochemical model is tabulated in Appendix B.  
 
 
Table 4.4: Estimated parameters from the fit of EIFER stack test data into the 
electrochemical model for cathode-supported SOEC 
Estimated Parameter  Estimated Value  
Confidence Interval  
(95%) 
Anode activation energy, anodeE  188 kJ/mol 376 kJ/mol 
Cathode activation energy, cathodeE  305 kJ/mol 428 kJ/mol 
Cathode effective diffusivity, 
,eff cathodeD  4.28 10
-6  m2/s 3.70 10-6  m2/s 
Contact resistance, ContactR  3.96 10
-5  Ω m2 2.57 10-6  Ω m2 
 
 
Not unexpectedly, we were not able to validate the electrochemical model using the 
EIFER stack test data mainly due to the limited information contained in this set of 
data. In particular, information relating the cell performance with respect to the 
operating temperature is limited since polarisation curves were obtained at two 
different temperatures only due to stringent experimental constraints [7]. The poor 
quality of this estimation is evidenced in Table 4.4. As discussed in Section 4.4, the 
95% confidence interval of an estimated parameter should be much smaller than its 
estimated value. This is not the case with the activation energy values of the anode 
and the cathode, nor is the case with the cathode effective diffusivity, where they all 
have large confidence intervals. Only the contact resistance was estimated with good 
confidence from this experiment. 
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The second attempt to parameterise the electrochemical model was performed on the 
CEA SRU test data. The experimental data from this test was fitted into the newly-
developed electrochemical model for electrolyte-supported SOEC described in 
Section 4.3. In comparison with the EIFER stack test, this test is characterised with 
better-controlled and favourable conditions such as: 
• More-informed experimental data: polarisation curves from nine runs at 
three different temperatures in comparison with six runs at two different 
temperatures in the EIFER stack test. Runs at different temperatures provide 
valuable information due to the strong non-linearity observed in the 
calculation of the electrodes activation overpotentials (Equations 4.3 and 4.4). 
• Better-defined cell materials and dimensions: the exact composition and 
thickness (reported with fabrication error) of the cell materials were supplied 
for the ECN cell used in this test, whilst generic composition and approximate 
thickness were supplied for the Topsose cell used in the EIFER stack test.  
• Better location of thermocouples: fixed within the interconnect in close 
proximity to the cell. For comparison, the thermocouples location in the 
EIFER stack test may not be considered optimum as they were fixed at the 
corners of the end-plates, away from the middle-cell that was chosen to avoid 
degraded performance of cells near the end-plates. 
• Lower steam utilisation: as away of comparison, at the comparable cathode 
gas inlet composition of ca. 90% H2O and 10% H2 and current density of 
5000 A/m2, the steam utilisation for this test and the EIFER stack test were 29 
and 47%, respectively. As mentioned in Section 4.2.3, inlet flowrates should 
be high enough, and/or low utilisation should be considered to ensure minimal 
depletion of reactants along the cell. 
• Simpler gas flow arrangement: counter-flow gas distribution arrangement in 
this test as opposed to the complex cross-flow gas flow arrangement in the 
EIFER stack test. Simpler gas flow arrangement simplified the calculation of 
average gas compositions, as these values were used to calculate the cell 
potential as discussed in Section 4.2.3.  
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In light of the above comparison between the two experimental tests, and given the 
poor quality of estimation using the EIFER stack test presented in Table 4.4, the 
following sub-sections present the results and discuss the key elements related to the 
better-controlled CEA SRU test. 
 
 
4.6.1. Model Discrimination: Significance of the Contact Resistance 
 
In the newly developed electrochemical model described in Section 4.3, the contact 
resistance term ( ContactR ) was added as a major contribution to ohmic losses. The 
significance of including or neglecting this term is illustrated in Figure 4.3. The 
addition of the contact resistance to the ohmic resistance leads to desirable smaller 
and more randomly distributed deviation between the measured and model-predicted 
cell potential. In contrast, neglecting the contact resistance leads to slightly larger 
deviation, and more importantly, leads to systematic deviation, where in this case the 
cell potential is always under-predicted. These observations emphasise the importance 
of contact resistances in SRUs or stacks as reported in [8,15,48], and invalidate the 
assumption of the negligible contact resistance reported in the work of Udagawa 
et al. [26].  
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Figure 4.3. Percentage deviation between measured and model-predicted potential for 
the CEA SRU with and without the contact resistance term 
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4.6.2. Results of Parameter Estimation 
 
The electrochemical model described in Section 4.3 contains a total of nine 
parameters that can be estimated to fit the experimental data into this model. As 
discussed in Section 4.5.2, parameters that are characterised with high observability 
on the model-predicted voltage are chosen as the estimated ones. Various 
combinations of estimated parameters have been analysed, and the best combination 
was identified based on the criteria previously mentioned in Section 4.4. Tables 4.5 
and 4.6 present the key results of the parameter estimation using the CEA SRU test 
data. 
 
 
Table 4.5: Estimated parameters from the fit of CEA SRU test data into the 
electrochemical model for electrolyte-supported SOEC 
Estimated Parameter  Estimated Value  
Confidence Interval 
(95%) 
t-value 
(95%) 
Cathode activation energy, 
cathodeE  
99 kJ/mol N/A* N/A* 
Cathode pre-exponential 
factor, cathodek  
1.51 109  S/m2 4.82 108  S/m2 3.14 
Electrolyte ionic conductivity 
pre-exponential factor, ionick  
3.40 107  K S/m 8.27 106  K S/m 4.11 
Contact resistance, ContactR  1.23 10
-5  Ω m2 8.47 10-6  Ω m2 1.46 
Reference t-value (95%) 1.66 
       * No statistical information provided for any parameter that lies at either of its bounds  
 
 
Table 4.5 lists the estimated parameter values, the 95% confidence intervals, the 
95% t-values, and the 95% reference t-value for this set of estimated parameters and 
experimental data. In general, the available data from this experiment is about enough 
for the estimation of this set of parameters with good confidence as detailed below. 
The estimated value for the cathode activation energy is at its lower bound and is 
134 
 
therefore excluded from any statistical analysis. The cathode- and ionic conductivity 
pre-exponential factors passed the two tests described in Section 4.4; their 95% 
confidence intervals are much smaller than their estimated values, and their 
95% t-values are larger than the 95% reference t-value. The contact resistance 95% 
confidence interval is smaller than its estimated values, but its 95% t-value is slightly 
smaller than the 95% reference t-value, indicating the need for more experimental 
data to estimate this parameter precisely. As mentioned in Section 4.2.3, a maximum 
steam utilisation of 30% was considered for the parameter estimation, providing 103 
experimental data points. This is found to provide a good compromise between the 
amount of experimental data required for precise estimation, and the requirement for 
limited steam utilisation. Lower utilisation contains less information to the parameter 
estimation problem (e.g. 80 experimental data points can be provided for the case of 
20% maximum steam utilisation). On the contrary, high utilisation should be avoided 
in order to maintain minimal depletion of reactants along the cell and, consequently, 
minimise the contribution of the fuel utilisation resistance.   
 
The estimated values reported in the above table are in broad agreement with the 
initial guesses for the estimated parameters listed in Table 4.3. The estimated value 
for the cathode activation energy is found to be 99 kJ/mol, which is the activation 
energy of the high frequency arc electrode polarisation resistance reported by 
Aravind [43] for the same electrode on top of the same electrolyte used in the ECN 
cell utilised within the CEA SRU test. This is also the value reported by Babaei         
et al. [44] for the high frequency arc polarisation resistance of a similar (not exact) 
electrode and electrolyte. The estimated values for the cathode pre-exponential factor, 
ionic pre-exponential factor and contact resistance are all within the same order of 
magnitude as their respective initial guesses, and differ by 32%, 24% and 63%, 
respectively, compared to their initial guesses.  
 
Table 4.6 shows the different confidence intervals for this set of estimated parameters 
and experimental data. The probability of a parameter lying in the region of the 
estimated value ± % confidence interval is % . The gPROMS parameter estimation 
tool reports the 68.3% (i.e. one standard deviation), 90%, 95% (i.e. ca. two standard 
deviations) and the 99% confidence intervals. 
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Table 4.6: Confidence intervals for the estimated parameters from the CEA SRU test 
data fit into the electrochemical model for electrolyte-supported SOEC 
Estimated Parameter  
Confidence Interval 
68.3%          90%              95%             99% 
Cathode activation energy,  
cathodeE  [kJ/mol] 
N/A* N/A* N/A* N/A* 
Cathode pre-exponential factor, 
cathodek [S/m
2] 
2.43 108 4.04 108 4.82 108 6.38 108 
Ionic conductivity pre-exponential 
factor, ionick [K S/m] 
4.17 106 6.92 106 8.27 106 1.10 107 
Contact resistance, ContactR  [Ω m
2] 4.27 10-6  7.09 10-6  8.47 10-6  1.12 10-5  
       * No statistical information provided for any parameter that lies at either of its bounds  
 
 
The correlation matrix describing the correlations between the different estimated 
parameters is shown in Table 4.7. The off-diagonal elements of this matrix are not 
close to 1 or -1, indicating weak correlations between any pair of estimated 
parameters. This eliminates the need for additional and/or different experimental 
operating conditions that may have been required to decouple strong correlations 
between estimated parameters [18].   
 
 
Table 4.7: Correlation matrix for the estimated parameters from the CEA SRU test 
data fit into the electrochemical model for electrolyte-supported SOEC 
Estimated Parameter  
Parameter 
Number 
1 2 3 
Cathode pre-exponential factor, 
cathodek  
1 1   
Ionic conductivity pre-exponential 
factor, ionick  
2 -0.517 1  
Contact resistance, ContactR  3 0.362 0.573 1 
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As discussed earlier in this section, various combinations of the estimated parameters 
have been analysed, and the best combination is reported in the aforementioned 
analysis. Amongst the important combinations is the one where the anode pre- 
exponential factor ( anodek ) is estimated in addition to the other four estimated 
variables in the best combination. This combination offers a slightly better (i.e. lower) 
value for the Maximum Likelihood Objective Function (i.e. a minimisation problem) 
of -275.63 compared to -275.09 found at the optimum solution in the case of the best 
combination. However, in this case, there are too many parameters being estimated 
for the amount of data provided in this experiment; this is reflected by the very large 
confidence intervals compared to the estimated values for three out of the five 
estimated parameters, where their t-values are much smaller than the reference 
t-value. In addition, strong correlations are observed in half of the estimated 
parameter pairs in the correlation matrix (i.e. off-diagonal element values close to 1  
or -1), giving rise to the need for different experimental conditions or model 
modifications to decouple these hidden dependencies [18]. The above discussion 
clearly confirms the choice of the original combination of four estimated parameters 
as the optimum case for the parameterisation of the electrochemical model using the 
data obtained from this test.   
 
A comparison between the experimental and model-predicted polarisation curves 
under different cell temperatures and cathode inlet gas compositions is shown in 
Figures 4.4-4.6. As seen from the figures, a good agreement between the experimental 
and model-predicted cell potential is obtained under all test conditions within the 
bounds of experimental error. This clearly illustrates the good quality of the parameter 
estimation. A point to note is that at OCV, the measured cell potential is higher than 
the model-predicted potential by 1.8-3.1%. The deviations at OCV are relatively high 
in the range of 2.4-3.1% for the test conditions of cathode inlet gas composition of 
68.5% H2O and 10% H2 (balance N2), and are rather low in the range of 1.8-2% for 
the test conditions of cathode inlet composition of 48.5% H2O and 10% H2 (balance 
N2). As noted earlier in Section 4.2.3, this deviation at OCV in each run was assigned 
as the relative variance (i.e. experimental error) for each run, and are shown as error 
bars in Figures 4.4-4.6.   
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Figure 4.4. Experimental and model-predicted polarisation curves for the CEA SRU 
at the cathode inlet composition of 89.5% H2O and 10.5% H2 and the temperature     
of: (a) 1023 K, (b) 1073 K and (c) 1123 K (Note: error bars represent the       
deviation between experimental and model-predicted OCV:                                                               
(a) 2.3%, (b) 2.3% and (c) 2.1%)   
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Figure 4.5. Experimental and model-predicted polarisation curves for the CEA SRU 
at the cathode inlet composition of 68.5% H2O and 10% H2 (balance N2) and the 
temperature of: (a) 1023 K, (b) 1073 K and (c) 1123 K (Note: error bars         
represent the deviation between experimental and model-predicted                               
OCV: (a) 2.4%, (b) 3% and (c) 3.1%)   
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Figure 4.6. Experimental and model-predicted polarisation curves for the CEA SRU 
at the cathode inlet composition of 48.5% H2O and 10% H2 (balance N2) and the                                                
temperature of: (a) 1023 K, (b) 1073 K and (c) 1123 K (Note: error bars         
represent the deviation between experimental and model-predicted                               
OCV: (a) 2%, (b) 1.8% and (c) 1.9%)   
 
0.8
0.9
1.0
1.1
1.2
1.3
0 500 1000 1500 2000 2500 3000
Current Density (A/m
2
)
C
e
ll
 P
o
te
n
ti
a
l 
 (
V
)
Experimental
Model-predicted
(a) 1023 K
0.8
0.9
1.0
1.1
1.2
0 500 1000 1500 2000 2500 3000
Current Density (A/m
2
)
C
e
ll
 P
o
te
n
ti
a
l 
 (
V
)
Experimental
Model-predicted
(b) 1073 K
0.8
0.9
1.0
1.1
0 500 1000 1500 2000 2500 3000
Current Density (A/m
2
)
C
e
ll
 P
o
te
n
ti
a
l 
 (
V
)
Experimental
Model-predicted
(c) 1123 K
140 
 
4.6.3. Uncertainty in the Thickness of Cell Layers 
 
As noted earlier in Section 4.6, the cell materials thickness is reported along with the 
fabrication error. In reference to the electrochemical model described in Section 4.3, it 
can be shown that differences in the cell layer thickness will only affect parameters 
related to ohmic losses. In addition, due to the fact that the electrolyte ionic 
conductivity is 3-4 orders of magnitude smaller than the electronic conductivity of the 
electrodes, the parameter estimation will be determined by the exact electrolyte 
thickness as shown in Equation 4.6. Therefore, a sensitivity analysis on the electrolyte 
thickness is required to quantify its uncertainty on the results of the parameterisation 
of this model. 
 
Upon changing the electrolyte thickness from 90 μm to its lower fabrication error 
bound of 80 μm or its higher bound of 100 μm (i.e. ca. ±11%), the estimated value of 
the ionic conductivity pre-exponential factor ( ionick ) changed by ca. ±11%; however, 
its t-value, the objective function value and the other estimated variables values and 
their respective t-values did not change. This indicates that the estimated ionic 
conductivity pre-exponential factor is directly proportional to the electrolyte 
thickness, which can be proven by substituting Equation 4.8 into Equation 4.6. 
Table 4.8 gives the ionic conductivity pre-exponential factor estimated values and the 
different confidence intervals for the electrolyte thickness of 80, 90 and 100 μm.  
 
 
Table 4.8: Estimated values and confidence intervals for the ionic conductivity pre-
exponential factor of different electrolyte thickness 
Electrolyte 
Thickness 
Estimated Value  
[K S/m] 
Confidence Interval 
68.3%          90%              95%             99% 
80 μm 3.02 107 3.71 106 6.15 106 7.35 106 9.73 106 
90 μm 3.40 107 4.17 106 6.92 106 8.27 106 1.10 107 
100 μm 3.78 107 4.63 106 7.69 106 9.19 106 1.22 107 
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4.6.4. Symmetry between SOEC and SOFC Operation 
 
Depending on the cell materials, the performance of solid oxide cells may or may not 
be comparable between the electrolysis and the fuel cell modes of operation. For 
example, cells made of conventional materials similar to those used in the Topsoe 
electrode-supported cell used within the EIFER stack test exhibit higher area specific 
resistance (ASR) in the electrolysis mode compared to the fuel cell mode of operation 
[49,50]. In contrast, the ECN electrolyte-supported cell utilised within the CEA SRU 
test is characterised with symmetrical behaviour between the fuel cell and electrolysis 
modes of operation as evidenced in [8,51]. Therefore, the estimated parameters for the 
ECN electrolyte-supported cell operated in electrolysis mode in this work can be 
safely applied for the same cell operating in fuel cell mode.  
 
As noted in Section 4.5.2, NiO/GDC electrodes exhibit near-symmetrical behaviour in 
the fuel cell and electrolysis modes. Given the symmetrical characteristic of the ECN 
electrolyte-supported cell as evidenced above, it can be shown that the 20YDC-LSCF 
oxygen electrode exhibit symmetrical or near-symmetrical behaviour in both modes 
of operation, an assumption that was presented in Section 4.5.1 and discussed here. 
This holds particularly true for cells operating at low current densities such as those 
used in the SOFC-SOEC system for oxygen production.    
 
4.7. Conclusion  
 
The parameter estimation technique has been implemented to validate the SOEC 
electrochemical model based on SOEC stack and SRU data. In the first validation 
attempt, data from a 5-cell stack test has been fitted into a model for cathode-
supported SOEC, whilst in the second attempt, SRU test data has been fitted into a 
newly-developed electrolyte-supported SOEC model. The analysis of the first attempt 
has shown a poor quality of estimation reflected by large confidence intervals, which 
was mainly attributed to the limited information contained in the stack test data. A 
comparison between the stack and SRU tests has been drawn, pointing out better-
controlled and favourable conditions in the SRU test in terms of the amount of the 
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available experimental data, description of cell materials and dimensions, location of 
thermocouples, maximum allowable steam utilisation and the gas flow arrangement.  
 
Results of the second validation attempt using SRU data emphasised the significance 
of contact resistance as a major contributor to ohmic losses. Key parameters of the 
electrolyte-supported SOEC electrochemical model were estimated with confidence, 
and a good agreement was observed between the experimental and model-predicted 
cell potential within the bounds of experimental error across all operating conditions. 
Symmetrical behaviour between the electrolysis and fuel cell modes was confirmed 
for the electrolyte-supported SOEC used in this test, allowing the use of the extracted 
parameters into an electrochemical model for electrolyte-supported SOFC.  
 
To further improve the performance prediction of the SOFC-SOEC system for oxygen 
production, the validated electrochemical model is integrated into a one-dimensional 
model for an SOFC-SOEC stack presented in Chapter 5.  
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Chapter 5 
 
Energy Analysis of SOFC-SOEC Integration  
for High Purity Oxygen Production:  
One-dimensional SOFC-SOEC Stack Model 
Development and Application  
 
5.1. Introduction  
 
An energy system analysis based on the lumped-parameter (0-D) modelling approach 
has been presented in Chapter 3, revealing the significant contribution of the energy 
consumption of the SOFC-SOEC stack, which accounts for 87-94% of the overall 
energy demand of the system. To improve the prediction accuracy of the stack and 
overall system performance, an electrochemical model of electrolyte-supported solid 
oxide cells has been developed and experimentally-validated in Chapter 4 based on  
single repeating unit (SRU) test data. Another way of achieving a higher accuracy 
stack model is through adopting the more detailed distributed modelling approach. 
Nonetheless, as clarified in Chapter 2, only the 0-D (lumped-parameter) and the 1-D 
(distributed) modelling approaches are favoured for system-level modelling due to 
their reduced computational requirements compared to the more complex 2-D or 3-D 
modelling approaches. In addition, whilst the 0-D approach is adequate for modelling 
the balance of plant, the 1-D modelling of the SOFC-SOEC stack has been identified 
as the best method to assess the heat integration between the SOFC and SOEC, given 
the stringent constraint of a maximum allowable temperature gradient along the cell. 
To this end, the experimentally-validated electrochemical model is integrated into a 
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1-D, planar, co-flow SOFC-SOEC stack model that is produced on the basis of 
previously developed models of planar, co-flow IT-SOFC [1,2] and IT-SOEC [3,4] 
(note - the author co-developed the 1-D, planar, co-flow SOFC-SOEC stack model 
published in [5] and contributed substantially to the analysis of that work).   
 
The present chapter reports on the development of a 1-D, planar, co-flow SOFC-
SOEC stack model and its application to an energy analysis of oxygen production 
through SOFC and SOEC integration. A description of the stack model along with the 
system input parameters and simulation assumptions is presented in detail, followed 
by a discussion on the significance of experimental validation and distributed 
modelling on the accuracy of the stack model. The effect of important operating 
conditions such as the stack operating temperature and current density on the system 
performance is analysed. A techno-economic appraisal defining the system design 
point is conducted, and key issues related to the proposed design point are discussed. 
  
5.2. 1-D SOFC-SOEC Stack Model Description      
 
The SOFC-SOEC stack consists of several repeating planar SOFCs and SOECs that 
are assembled in the same stack in alternating arrangement and connected in series as 
previously presented in Section 3.2. However, 1-D models of SOFC and SOEC stacks 
are typically developed for the smallest unit-cell, which is considered representative 
of the entire stack performance, subject to the use of appropriate boundary conditions; 
here, end effects are ignored as the modelled unit-cell is assumed to be in the centre of 
a large stack [1-3]. A schematic view of the planar, co-flow SOFC-SOEC unit-cell is 
shown in Figure 5.1. For the purpose of modelling, the unit-cell is divided into eight 
sub-volumes. The 1-D model consists of the mass and energy balances coupled with 
an electrochemical sub-model. The mass and energy balances are based on previously 
developed models of planar IT-SOFC [1,2] and IT-SOEC [3,4] discussed earlier in 
Section 2.6, whereas the electro-chemical sub-model is based on the experimental 
validation using a single repeating unit (SRU) data presented in Chapter 4. The model 
neglects pressure drops along the gas channels, and assumes ideal gas behaviour 
throughout this study. 
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Figure 5.1. Schematic view of the planar co-flow SOFC-SOEC unit-cell 
illustrating mass and heat transfer within the eight sub-volumes [5] 
 
 
5.2.1. Mass Balances 
 
The concentration of each chemical component flowing within the SOFC and SOEC 
gas channels vary along the cell, and is tracked using the component mole balances 
and the corresponding boundary conditions given in Equations 5.1-5.8. The chemical 
components considered for the mole balances are: oxygen and nitrogen at the SOFC 
cathode channel, representing air; hydrogen and steam at the SOFC anode channel 
and SOEC cathode channel; and oxygen at the SOEC anode channel. The first term 
on the right hand side (RHS) of the mole balances is related to the advection mass 
transport due to the bulk motion of fluids. The gas channels velocities are assumed 
constant along the cell and determined from the inlet operating conditions. Mass 
transfer due to diffusion is considered negligible given the high Peclet number1 [1]. 
The second term on the RHS relates to the production and consumption of chemical 
components along the cell, according to the overall reactions taking place in the 
SOFC ( 3R ) and SOEC ( 6R ) detailed in Table 5.1. The local rates of these overall 
reactions are related to the local current density of the SOFC and SOEC through 
                                                 
1 Defined as the ratio of the advection rate of a physical quantity (species concentration in this case) to 
the diffusion rate of the same quantity. 
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Faraday’s law as defined in Equations 5.9, assuming 100% current efficiency (i.e. no 
gas leakage). 
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Local rates of the SOFC and SOEC overall reactions: 
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Table 5.1: Chemical reactions associated with the SOFC-SOEC stack operation 
Description Chemical reaction 
R1: Hydrogen oxidation in the SOFC anode H2 + O2-  H2O + 2e- 
R2: Oxygen reduction in the SOFC cathode ½ O2 + 2e-  O2- 
R3: Overall SOFC reaction H2 + ½ O2  H2O  
R4: Steam reduction in the SOEC cathode H2O + 2e-  H2 + O2- 
R5: Oxygen formation in the SOEC anode O2-  ½ O2 + 2e- 
R6: Overall SOEC reaction H2O  H2+ ½ O2 
 
 
5.2.2. Energy Balances 
 
The energy balance sub-model predicts the temperature distribution of the solid parts 
and the gas streams along the SOFC-SOEC unit-cell. The main constituents of the 
energy balance sub-model include heat conduction through the solid components of 
the cell (i.e. the PEN structures and interconnects); heat convection between the solid 
components and the gas streams; heat radiation between the PEN structures and 
interconnects; heat advection due to the gas streams bulk movement; heat released 
(absorbed) due to the exothermic (endothermic) electrochemical reactions of the 
SOFC (SOEC); and the electrical power produced (consumed) in the SOFC (SOEC). 
This model captures the direct heat exchange between the SOFC and SOEC through 
the SOFC-SOEC interconnect (sub-volume V in Figure 5.1). The energy balances and 
the corresponding boundary conditions applied to the different sub-volumes of the 
SOFC-SOEC unit-cell are given in Equations 5.10-5.25.  
 
The following assumptions are considered in the energy balance sub-model. Thermal 
fluxes through the solid parts are conductive and modelled using Fourier’s law of heat 
conduction. Convective heat transfer coefficients between the gas streams and the 
solid parts are calculated using Equations 5.26-5.29, assuming a constant Nusselt 
number and using hydraulic diameters of the gas channels that are applicable to fully-
developed laminar flow in non-circular tubes [6]. Heat radiation between the PEN 
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structures and interconnects is determined assuming radiation between two large 
parallel planes [6]. The electrochemical reactions are assumed to occur in the SOFC 
and SOEC PEN structures; however, the ‘enthalpy change of reaction’ terms do not 
appear in the energy balances of the SOFC and SOEC PEN structures, in contrast to 
the reference SOFC and SOEC models [1,3]. Instead, enthalpy fluxes associated with 
the flow of reactants from the gas channels to the PEN structures, and the flow of 
products from the PEN structures to the gas channels are considered [2]. This is due to 
the use of a ‘common datum’ for all energy fluxes related to the system as explained 
earlier in Section 3.3.1. The molar specific enthalpy of chemical component i as a 
function of the local temperature ( ih ) is given as the sum of the ‘enthalpy of 
formation’ of the component (from its constituent chemical elements) at the reference 
temperature of 298 K ( F
ih ), and the change in the molar specific enthalpy of the 
component from the reference to the local temperature (  ) (Equation 5.30). The 
boundary conditions of the solid parts are assumed to be perfectly insulated with 
negligible heat losses to the surrounding, in line with numerous energy system studies 
such as [7-9]. To a great extent, this can be achieved through good thermal insulation 
of the stack using materials such as microtherm, a micro-porous insulation materials 
for high temperature applications [10]. The gas streams velocities and physical 
properties such as molar concentrations, heat capacities and thermal conductivities are 
determined from the inlet operating conditions and are held constant along the cell in 
order to get a more computationally-tractable model [1,3]. This assumption is 
reported valid for steady-state operation, in particular at low current densities below 
5000 A/m2 [2], and is therefore considered applicable to this model.   
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SOFC cathode channel (II): 
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SOFC anode channel (IV): 
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SOFC-SOEC interconnect (V): 
 
 
      
 
       Eqn. 5.18 
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SOEC cathode (VI): 
 
  
 
    Eqn. 5.20 
 
0
0 VIxVI TT           Eqn. 5.21 
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SOEC anode (VIII): 
 
 
 
   
 Eqn.5.24 
 
   00 VIIIxVIII TT           Eqn.5.25 
 
Convection heat transfer coefficients: 
, , , ,, 2 ( )I II II III II H II H II II IIk k Nu D D WH W H     Eqn.5.26 
, , , ,, 2 ( )III IV IV V IV H IV H IV IV IVk k Nu D D WH W H     Eqn.5.27 
, , , ,, 2 ( )V VI VI VII VI H VI H VI VI VIk k Nu D D WH W H     Eqn.5.28 
, , , ,, 2 ( )VII VIII I VIII VIII H VIII H VIII VIII VIIIk k Nu D D WH W H     Eqn.5.29 
 
 
Molar specific enthalpy calculation: 
 
,   2 2 2 2H , H O, O , Ni       Eqn. 5.30        
  
5.2.3. Electrochemical Model 
 
The electrochemical sub-model determines the electrical performance of the unit-cell 
by relating variables such as the SOFC and SOEC local PEN temperatures, chemical 
component concentrations and current densities to the SOFC and SOEC operating 
potentials. It is also capable of predicting the distribution of local quantities along the 
cell such as the SOFC and SOEC current densities, reversible potentials, activation 
overpotentials and ohmic losses. The operating voltages of the SOFC and SOEC are 
considered constant along the cell due to the good electronic conductivity of the 
electrodes [1,3]. Where applicable, variables are evaluated using the relevant PEN 
temperatures as electrochemical reactions are assumed to occur in the PEN structures. 
This newly-developed electrochemical sub-model has been validated based on single 
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repeating unit (SRU) experimental data, across a range of operating conditions. An 
extensive description of the modelling terms, assumptions and validation has been 
provided in Section 4.3. Equations 5.31-5.38 give the electrochemical sub-model. 
 
SOFC and SOEC operating cell potentials: 
 
, , ,( )
rev
SOFC SOFC act SOFC anode act SOFC cathode Ohm SOFCU U          Eqn. 5.31 
, , ,( )
rev
SOEC SOEC act SOEC anode act SOEC cathode Ohm SOECU U           Eqn. 5.32 
 
 
SOFC and SOEC reversible (open circuit) potentials: 
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SOFC and SOEC activation overpotentials: 
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SOFC and SOEC ohmic losses: 
 
, ,Ohm m m Ohm mj R  ,          SOFC, SOECm                  Eqn. 5.36 
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5.3. Simulation Results and Discussion 
 
The system of partial differential and algebraic equations that represents the higher 
accuracy 1-D SOFC-SOEC stack model presented in the previous sections and the 
balance of plant 0-D models presented in Sections 3.3.3-3.3.5, is solved here via the 
finite difference method. Section 5.3.1 introduces the input parameters and operating 
conditions applied for the updated energy system analysis. Section 5.3.2 investigates 
the impact of experimental validation and distributed modelling on model accuracy. 
Sections 5.3.3-5.3.4 present a sensitivity analysis that is conducted to quantify the 
effect of the significant operating conditions such as the stack operating temperature 
and current density on the system performance. A techno-economic appraisal of the 
system including the selection of the system design point is detailed in Section 5.3.5, 
whilst a further assessment of the proposed design point is given in Section 5.3.6.   
  
 
5.3.1. Input Parameters and Operating Conditions 
 
The key features relevant to the SOFC-SOEC stack model are listed in Table 5.2, 
including the physical properties of the cell materials and the dimensions of the cell. 
The electrochemical properties and the PEN layers thicknesses are taken from the 
experimental validation of the electrochemical model based on SRU data, previously 
reported in Chapter 4; such tests were conducted on a square 12 12 cm, planar 
electrolyte-supported cell made of 20YDC-LSCF oxygen electrode, 3YSZ electrolyte 
and 40GDC(Co)-NiO/10GDC-NiO hydrogen-steam electrode. The remaining thermo-
physical properties (i.e. those related to the energy balances) and the dimensions of 
the cell are based on the mean values from the literature as reported in [1,3]. The main 
input operating conditions and simulation assumptions of the SOFC-SOEC system for 
oxygen production are introduced in Table 5.3. The operating pressure of the system, 
especially that of the SOEC anode, is set to ambient pressure in this analysis. This is 
due to the finding that the increased risk of materials failure caused by the SOEC 
anode pressure reduction (in case of 0.1 bar SOEC anode pressure) outweighs the 
marginal benefit on the system energy consumption, as observed in Chapter 3. The 
value of the reactants utilisation factor is chosen based on a sensitivity study on its 
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effect on the energy consumption of the whole system (Figure C.1 in Appendix C). 
From an energy efficiency point of view, a reduction in the reactants utilisation   
factor results in a higher and a lower reversible potential of the SOFC and SOEC, 
respectively, leading to a lower electricity consumption of the SOFC-SOEC stack. On 
the other hand, a reduction in the reactants utilisation factor results in an increased 
flowrate and a consequent higher pressure drop in the hydrogen-steam loop 
circulating between the SOFC and SOEC (streams 6-8 in Figure 5.2), leading to an 
increase in the electricity consumption of the ejector compressor. In comparison with 
the relatively high reactant utilisation factor selected in typical SOFC or SOEC 
standalone systems (75-85%), the reasonably low reactant utilisation factor adopted 
here (46%) is considered more appropriate given the substantial contribution of the 
energy consumption of the SOFC-SOEC stack to that of the whole system2. At this 
utilisation factor, the composition of the SOFC anode inlet is set to 65/35 mol% of 
hydrogen/steam mixture to facilitate a continuous circulation in the hydrogen-steam 
loop. The pressure drop in the hydrogen-steam loop (0.016 bar) and the ejector flow 
conditions required to overcome this pressure drop, explicitly the mass fraction of the 
driving flow and the pressure ratio of the ejector compressor, are taken from [5]. The 
remaining input parameters are the same values reported in Chapter 3; the pressure 
drop in the air circuit (streams 2-5 in Figure 5.2) is fixed to 0.02 bar, and is 
compensated by an air blower. An oxygen blower is utilised to compensate for the 
minor pressure drop of 0.025 bar in the oxygen product stream occurring within the 
recuperator and cooler. The performance of these blowers is evaluated using typical 
values for the isentropic and mechanical efficiencies, in line with those reported in 
references [10-12]. A Roots blower is an ideal choice for the air and oxygen blowers 
given the required small pressure ratio, whilst a reciprocating compressor makes an 
ideal choice for the ejector compressor given the low flowrate of the ejector driving 
flow (stream 11 in Figure 5.2) [13].       
 
                                                 
2 Evaluated by varying the reactants utilisation from 35 to 75% at a stack outlet temperature of 1023 K, 
SOEC anode pressure of 0.1 bar and current density of 500 A/m2. Here, the effect of using a cell with a 
higher resistance and operating at a higher pressure (1.013 bar) on the one hand, and that of operating 
at a higher stack outlet temperatures on the other hand roughly counteract each other, so around the 
same reactant utilisation is justified. 
 
  Lower reactants utilisation requires an added investment cost in SOFC or SOEC standalone systems, 
whereas in the SOFC-SOEC system, this is not an issue as a mixture of hydrogen and steam circulates 
between the SOFC and SOEC continuously. 
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Table 5.2: Physical properties and dimensions of the SOFC-SOEC unit-cell 
Description Value [unit] 
SOFC anode (SOEC cathode) electronic conductivity, 
SOFC anode ( SOEC cathode ) 80000  [S/m] 
SOFC cathode (SOEC anode) electronic conductivity, 
SOFC cathode ( SOEC anode ) 9000  [S/m] 
Electrolyte ionic conductivity pre-exponential factor, ionick  3.4 10
7  [K S/m] 
Electrolyte ionic conductivity activation energy, ionicE  84.36  [kJ/mol] 
Contact resistance, ContactR  1.23 10
-5  [Ω m2] 
SOFC PEN (SOEC PEN) density, III ( VII ) 5900 [kg/m3] 
SOFC PEN (SOEC PEN) thermal conductivity, III ( VII ) 2 10-3 [kJ/(m s K)] 
SOFC PEN (SOEC PEN) specific heat capacity, 
,p IIIc ( ,p VIIc ) 0.5 [kJ/(kg K)] 
SOFC PEN (SOEC PEN) emissivity, 
III ( VII ) 0.8 [ - ] 
Unit-cell Interconnect (SOFC-SOEC Interconnect) density, I ( V ) 8000 [kg/m3] 
Unit-cell Interconnect (SOFC-SOEC Interconnect) thermal conductivity, I ( V ) 25 10-3 [kJ/(m s K)]] 
Unit-cell Interconnect (SOFC-SOEC Interconnect) heat capacity,  
,p Ic ( ,p Vc ) 0.5 [kJ/(kg K)] 
Unit-cell Interconnect (SOFC-SOEC Interconnect) emissivity, 
I ( V ) 0.1 [ - ] 
Cell Width, W  0.1 [m] 
Cell length, L  0.1 [m] 
Gas streams channels height, , , ,II IV VI VIIIH H H H  1 10
-3 [m] 
Unit-cell Interconnect (SOFC-SOEC Interconnect) thickness, 
IH ( VH ) 500 10-6 [m] 
SOFC PEN (SOEC PEN) thickness, IIIH ( VIIH ) 215 10
-6 [m] 
SOFC anode (SOEC cathode) thickness, SOFC anode ( SOEC cathode ) 55 10-6 [m] 
SOFC cathode (SOEC anode) thickness, SOFC cathode  ( SOEC anode ) 70 10-6 [m] 
SOFC electrolyte (SOEC electrolyte) thickness, SOFC electrolyte  ( SOEC electrolyte ) 90 10-6 [m] 
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Gas streams Nusselt number, Nu  3.09 [ - ] 
Charge transfer coefficient,   0.5 [ - ] 
SOFC anode (SOEC cathode) pre-exponential factor, 
SOFC anodek ( SOEC cathodek ) 1.51 10
9  [S/m2] 
SOFC cathode (SOEC anode) pre-exponential factor, 
SOFC cathodek ( SOEC anodek ) 2.3 10
11  [S/m2] 
SOFC anode (SOEC cathode) activation energy, 
SOFC anodeE ( SOEC cathodeE ) 99 [kJ/mol] 
SOFC cathode (SOEC anode) activation energy, 
SOFC cathodeE ( SOEC anodeE ) 133  [kJ/mol] 
 
 
 
Table 5.3: Input operating conditions and simulation assumptions of the SOFC-SOEC 
system for oxygen production (Figure 5.2) 
Description Value [unit] 
Operating pressure (including the SOEC anode pressure) 1.013  [bar] 
SOFC cathode inlet temperature (stream 3) 1023  [K] 
Minimum temperature difference within the recuperator (approach temperature) 50  [K] 
SOFC-SOEC stack current density 500  [A/m2] 
SOFC fuel utilisation (SOEC steam utilisation) 46  [%] 
SOFC anode inlet composition (stream 3) (hydrogen/steam)  65/35  [mol%] 
Pressure losses in the air piping (streams 2-5) 0.02  [bar] 
Pressure losses in the oxygen piping (streams 12-13) 0.025  [bar] 
Pressure losses in the hydrogen-steam loop (streams 6-8) 0.016  [bar] 
Mass fraction of the ejector driving flow (stream 11) out of SOEC cathode outlet 8  [%] 
Pressure ratio of the ejector compressor (P11 / P10)  2.6  [ - ] 
Isentropic efficiency of the air blower, oxygen blower and ejector compressor 70  [%] 
Mechanical efficiency of the air blower, oxygen blower and ejector compressor 80  [%] 
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Figure 5.2. System flowsheet for the SOFC-SOEC process for oxygen production [5] 
 
 
5.3.2. Model Accuracy: Significance of Experimental Validation and 
Distributed Modelling of the SOFC-SOEC Stack  
 
As clarified in Chapter 2, models are frequently simplified descriptions of real 
physical and chemical phenomena occurring in actual systems, and numerical results 
obtained by solving such models are only an approximation of real conditions [9,14]. 
One way to increase the accuracy of a model is through a careful comparison of its 
numerical results with the relevant experimental data. Another way for achieving high 
accuracy models is by adopting a more detailed, distributed modelling approach. To 
follow is a discussion on the significance of experimental validation and distributed 
modelling on enhancing the prediction accuracy of the stack performance, which is 
the most energy-consuming part of the system as confirmed earlier.  
 
To quantify the contribution of experimental validation to the accuracy of the SOFC-
SOEC stack model predictions, a comparison is drawn between the model-predicted 
operating voltages and overpotentials obtained using two different electrochemical 
(EC) models: the validated EC model based on the SRU experimental data presented 
earlier in Section 5.2.3, and the non-validated EC models that use generic materials 
data and kinetic parameters which were utilised in Chapter 3 [1,3]. The SOFC and 
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SOEC operating voltages and overpotentials are computed using only the EC models 
declared above, evaluated at the assigned operating temperature and the average 
composition between the inlet and outlet (i.e. lumped-parameter 0-D approach). Here, 
the comparison is conducted at the operating temperature of 1073 K, pressure of 
1.013 bar and current density of 500 A/m2, which are the same operating conditions  
as ‘Case E’ reported in Section 3.4.5.  
 
Table 5.4: Stack operating voltages and electricity consumption predicted using the 
validated and non-validated electrochemical models only, evaluated at a temperature 
of 1073 K, pressure of 1.013 bar and current density of 500 A/m2 (Case E conditions) 
SOFC-SOEC Stack Details 
Validated EC 
Model Only 
Non-validated 
EC Models Only 
Relative 
Difference [%] 
SOFC operating voltage  [V]  0.888 0.921 -3.6 
SOEC operating voltage  [V] 1.030 0.997 3.3 
SOFC-SOEC stack electrical energy 
consumption  [kWh/ kg O2] 
0.476 0.255 86.7% 
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Figure 5.3. Overpotential terms predicted using the validated and non-validated 
electrochemical models evaluated at a temperature of 1073 K, pressure 
 of 1.013 bar and current density of 500 A/m2 (Case E conditions) 
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Table 5.4 compares the stack operating voltages and electricity consumption predicted 
using the validated and non-validated electrochemical models. In comparison to the 
non-validated EC models, the validated EC model predicts a 3.6% decrease in the 
SOFC operating voltages from 0.921 to 0.888 V, and an increase of 3.3% in the 
SOEC operating voltages from 0.997 to 1.030 V. Consequently, the stack electricity 
consumption predicted using the validated EC model increases significantly (by ca. 
87%) from 0.255 to 0.476 kWh/kg O2. The various overpotential terms predicted 
using the validated and non-validated EC models and their relative contributions are 
depicted in Figure 5.3. As can be seen, the total overpotentials of the SOFC (SOEC) 
increased from 0.019 to 0.052 V as predicted by the non-validated and validated EC 
models, respectively. This increase is mainly attributed to the higher SOFC (SOEC) 
ohmic losses and higher activation overpotential of the SOFC anode (SOEC cathode) 
as predicted by the validated EC model. The contribution of each overpotential term 
relative to the total overpotentials varies depending on the selected EC model. For 
example, the SOFC (SOEC) ohmic losses dominates the overpotentials predicted by 
the validated EC model at 0.024 V (47% of the total overpotentials), followed by the 
SOFC anode (SOEC cathode) activation overpotential at 0.022 V (41%), then by the 
SOFC cathode (SOEC anode) activation overpotential at 0.007 V (12%). As for the 
non-validated EC models, the SOFC cathode (SOEC anode) activation overpotential 
term has the largest contribution of 0.010 V (51%), followed by an equal contribution 
of 0.004 V (23%) for the SOFC (SOEC) ohmic losses and the SOFC anode (SOEC 
cathode) activation overpotential, then by the reasonably negligible SOFC anode 
(SOEC cathode) concentration overpotential of 0.001 V (3%).  
 
In reference to the characteristics of the various modelling approaches indicated in 
Chapter 2, it was reiterated that increasing the model spatial dimensions increases the 
accuracy and the amount of information obtained from a model. However, for system-
level modelling, only the 0-D (lumped-parameter) and the 1-D (distributed) modelling 
approaches are preferred here due to their reduced computational requirements 
compared to the computationally-expensive 2-D or 3-D modelling approaches [15]. 
To quantify the effect of model spatial dimension on the prediction accuracy of the 
SOFC-SOEC stack model, a comparison is conducted between the 1-D modelling 
approach exploited in this chapter and the 0-D modelling approach in terms of the 
stack operating voltages and electricity consumption. Both approaches are evaluated 
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using the validated EC model in order to decouple the contribution of experimental 
validation to model accuracy from that of distributed modelling. The comparison is 
conducted at the operating conditions of ‘Case E’. 
 
 
Table 5.5: Stack operating voltages and electricity consumption predicted using the 
1-D stack model comprised of the mass, energy and validated electrochemical sub-
models, and the 0-D validated electrochemical model only, evaluated at a temperature 
of 1073 K, pressure of 1.013 bar and current density of 500 A/m2 (Case E conditions) 
SOFC-SOEC Stack Details 
1-D, Full Model 
Using Validated 
EC Sub-model 
0-D, Validated 
EC Model Only 
Relative 
Difference [%] 
SOFC operating voltage  [V]  0.880 0.888 -0.9 
SOEC operating voltage  [V] 1.043 1.030 1.3 
SOFC-SOEC stack electrical energy 
consumption  [kWh/ kg O2] 
0.546 0.476 14.7 
  
 
Table 5.5 compares the model-predicted stack operating voltages and electricity 
consumption using the two modelling approaches. Compared to the 0-D approach, 
adopting the 1-D approach leads to a decrease in the SOFC operating voltage by 0.9% 
and to an increase in the SOEC operating voltage by 1.3%. As a result, the stack 
electricity consumption predicted by the 1-D modelling approach is ca. 15% higher 
than that predicted by the 0-D approach (0.546 vs. 0.476 kWh/kg O2, respectively). 
The difference is due to the fact that the SOFC and SOEC reversible potentials and 
various overpotentials are calculated through the 1-D approach using the full model 
consisting of mass balance, energy balance and electrochemical sub-models, whilst 
they are calculated through the 0-D approach using only the electrochemical model 
evaluated at the assigned operating temperature and average composition between the 
cell inlet and outlet3. It follows that the 0-D approach cannot capture the variation of 
                                                 
3 The use of the average instead of inlet composition is a more conservative approach. Based on the 
average and inlet compositions, respectively, the relative difference between the 1-D and the 0-D 
approaches will rise from -0.9 to -7.6% for the SOFC voltage, from 1.3 to 8% for the SOEC voltage, 
and consequently from ca. 15% to more than 1000% in terms of the stack electricity consumption. The 
use of inlet composition yields a very low, unrealistic stack energy consumption of 0.047 kWh/kg O2. 
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chemical species along the cell, whilst the 1-D approach is capable of predicting the 
decrease and increase in the SOFC and SOEC reversible potentials, respectively, due 
to the reactants consumption along the cell. In addition, the 1-D approach is capable 
of predicting the large variation in the SOFC and SOEC PEN temperatures along the 
cell, which significantly affects the reversible potentials and overpotentials.   
 
 
Table 5.6: Stack operating voltages and electricity consumption predicted using the 
1-D stack model comprised of the mass, energy and validated electrochemical sub-
models, and the 0-D non-validated electrochemical models, evaluated at a temperature 
of 1073 K, pressure of 1.013 bar and current density of 500 A/m2 (Case E conditions) 
SOFC-SOEC Stack Details 
1-D, Full Model 
Using Validated     
EC Sub-model 
(Ch. 5 Analysis) 
0-D, Non-
validated EC 
Models Only 
(Ch. 3 Analysis) 
Relative 
Difference [%] 
SOFC operating voltage  [V]  0.880 0.921 -4.5 
SOEC operating voltage  [V] 1.043 0.997 4.6 
SOFC-SOEC stack electrical energy 
consumption  [kWh/ kg O2] 
0.546 0.255 114.1 
 
 
The combined effect of both experimental validation and distributed modelling on 
enhancing the accuracy of the SOFC-SOEC stack model prediction is revealed in 
Table 5.6. This reflects the difference between the analysis of Chapter 3 where the 
stack operating voltages were evaluated using the 0-D, non-validated electrochemical 
models, and that of the current chapter where voltages are evaluated using the 1-D 
complete model consisting of the mass balance, energy balance and experimentally-
validated electrochemical sub-models. For the operating conditions of ‘Case E’, the 
analysis of this chapter suggests a decrease of 4.5% in the SOFC operating voltage, 
and an increase of 4.6% in the SOEC operating voltage compared to the analysis of 
Chapter 3. Ultimately, these lead to a significant increase of ca. 114% in the stack 
electricity consumption from 0.255 to 0.546 kWh/kg O2 as predicted by the analyses 
of Chapters 3 and 5, respectively. In light of their individual contributions discussed 
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above, it is found that experimental validation enhances the stack model accuracy by 
ca. 76%, whilst adopting the 1-D approach increases the stack model accuracy by ca. 
24%, where model accuracy is measured here in terms of the difference in the stack 
electricity consumption between the two different analyses. This remark signifies the 
contribution of experimental validation in achieving a higher-accuracy SOFC-SOEC 
stack model and reducing uncertainty in the SOFC-SOEC system model predictions. 
 
By means of the higher-accuracy 1-D SOFC-SOEC stack model formulated here, and 
in combination with the refined input operating conditions such as the stack ambient 
operating pressure and the ‘system-energy-efficient’ value of the reactants utilisation, 
the following sections quantify the effect of the significant operating conditions such 
as the stack operating temperature and current density on the stack performance and 
the electricity consumption of the system. These are followed by a techno-economic 
appraisal of the system to evaluate the trade-off between the capital and operating 
costs and propose a design point for the system, and finally by an analysis of several 
aspects at the proposed design point of the system.     
 
 
5.3.3. Effect of Operating Temperature  
 
As noted in Section 3.4.3, the operating temperature plays a vital role in determining 
the electrochemical characteristics of the stack, its performance and ultimately the 
performance of the overall system. A 50 K recuperator approach temperature (i.e. the 
minimum temperature difference within the recuperator) was considered in Chapter 3 
based on best practices in the field of micro gas turbines. The temperature increase 
along the cell length, in particular that along the SOFC cathode ( IIT ), was therefore 
limited to 50 K. However, the stack efficiency can be improved by increasing the cell 
outlet temperature (for a fixed cell inlet temperature), which in turn favourably 
increases the average cell temperature, and adversely increases the temperature 
gradient along the cell. With reference to the latter, the maximum tolerable local 
temperature gradient along the cell should be limited to 100 K in order to avoid 
materials failure caused by thermal stresses that are induced on the thin and brittle 
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ceramic electrolytes4; this is particularly important given the relatively high operating 
temperature of the stack, and the various stresses that are induced on the cells due to 
the residual (manufacturing) stresses, difference in oxygen activity gradients, thermo-
mechanical properties and external mechanical loads [16]. In addition, it is found that 
gas-gas recuperators can be designed with high approach temperatures close to 100 K 
as evident in a study on high temperature steam electrolysis [17].  
 
To this end, the effect of temperature increase along the cell on the stack efficiency 
and the overall system performance is quantified here at a fixed SOFC cathode inlet 
temperature of 1023 K, and temperature increases along the SOFC cathode ( IIT ) of 
50 and 100 K, corresponding to the SOFC cathode outlet temperatures of 1073 and 
1123 K, respectively. The selected temperatures represent the higher end of the IT 
region, and more importantly, lie within the temperature range for the experimental 
validation of the EC model presented in Chapter 4 (1023-1123 K). This effect is also 
quantified at the current densities of 500 and 1000 A/m2, thus four cases are analysed 
in this section. Table 5.7 compares the energy metrics of the system at the operating 
conditions listed in Table 5.3, current density of 500 A/m2 and the temperature 
increases along the SOFC cathode of 100 K (Case 5.B) and 50 K (Case 5.A), whilst 
Table 5.8 compares the energy metrics of the system at the operating conditions of 
Table 5.3, current density of 1000 A/m2 and the temperature increases along the 
SOFC cathode of 100 K (Case 5.D) and 50 K (Case 5.C). 
 
 
 
 
 
 
 
 
                                                 
4 For a planar cell, the maximum tolerable temperature gradient along the cell maxT  is given by [16]: 
max
max
T
W
L
 

 , where max  is the sustainable stress-induced strain (0.1%),  is the thermal   
expansion coefficient of the YSZ electrolyte (10-5 1/K), W is the cell width and L  is the cell length.  
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Table 5.7: Comparison between the energy metrics of the system at the operating 
conditions in listed Table 5.3, current density of 500 A/m2 and temperature increase 
across the SOFC cathode of 100 K (Case 5.B) and 50 K (Case 5.A) 
 
Specific Energy 
Case 5.B 
[kWh/kg O2] 
Case 5.A 
[kWh/kg O2] 
Relative 
Difference 
[%] 
SOFC electricity production 2.933 2.947 -0.5 
SOEC electricity consumption 3.382 3.494 -3.2 
Air blower electricity consumption 0.010 0.025 -59 
Ejector compressor electricity consumption 0.051 0.051 0 
Oxygen blower/compressor electricity consumption 0.001 0.001 0 
System electrical energy demand 0.511 0.624 -18.1 
 
 
 
Table 5.8: Comparison between the energy metrics of the system at the operating 
conditions listed in Table 5.3, current density of 1000 A/m2 and temperature increase 
across the SOFC cathode of 100 K (Case 5.D) and 50 K (Case 5.C) 
 
Specific Energy 
Case 5.D 
[kWh/kg O2] 
Case 5.C 
[kWh/kg O2] 
Relative 
Difference 
[%] 
SOFC electricity production 2.772 2.731 1.5 
SOEC electricity consumption 3.575 3.726 -4.0 
Air blower electricity consumption 0.019 0.049 -60.8 
Ejector compressor electricity consumption 0.025 0.025 0 
Oxygen blower/compressor electricity consumption 0.001 0.001 0 
System electrical energy demand 0.848 1.070 -20.8 
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The following are common remarks from the energy metrics presented in Tables 5.7 
and 5.8. To obtain a higher temperature increase along the SOFC cathode ( IIT ), the 
air flow rate is reduced; the consequent reduction in the air blower consumption of 
59% and 60.8% contribute to a reduction in the system electricity demand of only 
2.4% and 2.8% at the current densities of 500 and 1000 A/m2, respectively. As IIT is 
raised from 50 to 100 K, the SOEC electricity consumption decreases as a result of 
the higher average cell temperature, leading to a reduction in the SOEC reversible 
potential and overpotentials. The major difference between Table 5.7 and Table 5.8 
lies in the SOFC operating voltage (and the resulting SOFC electricity production) 
due to the higher average cell temperature when IIT is raised from 50 to 100 K:       
at the current density of 1000 A/m2, a higher average cell temperature leads to a 
decrease in the SOFC overpotentials that outweighs the decrease in the SOFC 
reversible potential, which is the underlying principle for high temperature operation 
in standalone SOFC systems. At this current density, the net result is a 1.5% increase 
in the SOFC electricity production. On the other hand, at the somewhat low current 
density of 500 A/m2, a higher average cell temperature leads to a decrease in the 
SOFC reversible potential that prevails over the decrease in the relatively small  
SOFC overpotentials. The result is therefore a net decrease in the SOFC operating 
voltage (and electricity production) by 0.5%. This behaviour was not accurately 
depicted by the 0-D approach (e.g. Table 3.4), which may be explained by the fact 
that the 0-D approach cannot capture the variation of chemical species along the cell, 
whilst the 1-D approach is capable of predicting the decrease in the SOFC reversible 
potential due to the consumption of the reactants along the cell as was explained in 
the previous section. However, the advantage of the higher temperature increase  
along the SOFC cathode on the overall system performance is evident for both current 
densities. As IIT is raised from 50 to 100 K, the system electricity demand is 
reduced by 18.1% to a value of 0.511 kWh/kg O2 at the current density of 500 A/m
2, 
and reduced by 20.8% to a value of 0.848 kWh/kg O2 at the current density of 
1000 A/m2. Furthermore, as will be presented in Section 5.3.6, it will be evident that 
the higher temperature increase along the cell is not only beneficial in terms of the 
stack efficiency and overall system performance, but also in terms of reducing the 
heat exchange area of the recuperator and the subsequent reduction in the system 
capital and total costs. 
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5.3.4. Effect of Current Density  
 
As discussed in Section 3.4.5, current density is an important variable that determines, 
to a great extent, the performance of both the stack and the overall system. Operating 
at higher current densities leads to higher cell overpotentials, and therefore, a higher 
electricity demand of the system. As revealed in the previous section, the advantage 
of the higher temperature increase along the SOFC cathode ( IIT  of 100 vs. 50 K) on 
enhancing the overall system performance is apparent. Therefore, the effect of current 
density on the stack efficiency and overall system performance is quantified in this 
section at a IIT of 100 K. A detailed description of the changes in the performance 
of the system and its various components due to an increase in current density is given 
in Table 5.9, showing the energy metrics of the system at the operating conditions of 
Table 5.3, IIT of 100 K and current densities of 500 A/m
2 (Case 5.B) and 1000 A/m2 
(Case 5.D). Table 5.10 characterise the stack operating voltages and the electricity 
consumption of the system as a function of current density, evaluated at the operating 
conditions listed in Table 5.3 and IIT of 100 K. 
 
 
Table 5.9: Comparison between the energy metrics of the system at the operating 
conditions listed in Table 5.3, temperature increase across the SOFC cathode of 100 K 
and current densities of 1000 A/m2 (Case 5.D) and 500 A/m2 (Case 5.B) 
 
Specific Energy 
Case 5.D 
[kWh/kg O2] 
Case 5.B 
[kWh/kg O2] 
Relative 
Difference 
[%] 
SOFC electricity production 2.772 2.933 -5.5 
SOEC electricity consumption 3.575 3.382 5.7 
Air blower electricity consumption 0.019 0.010 85.4 
Ejector compressor electricity consumption 0.025 0.051 -50 
Oxygen blower/compressor electricity consumption 0.001 0.001 0 
System electrical energy demand 0.848 0.511 65.8 
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As illustrated in Table 5.9, as current density is raised from 500 A/m2 (Case 5.B) to 
1000 A/m2 (Case 5.D), the SOEC electricity consumption increases by 5.7% and the 
SOFC electricity production decreases by 5.5%, together leading to a 69% increase in 
the system electricity demand. In addition, the air flow rate is increased by 85.4% in 
order to obtain the same IIT of 100 K in ‘Case 5.D’, but contributes to as little as 
1.8% increase in the system electricity demand. In contrast, the ejector electricity 
consumption decreases by 50% as a direct result of doubling the current density and 
oxygen production in ‘Case 5.D’, which reduces the system electricity demand by 
5%. As noted in Section 3.4.5, the design of the ejector is simplified by considering a 
constant volume flow rate in the hydrogen-steam loop (streams 6-8 in Figure 5.2), 
whilst current density is increased by increasing the fuel and steam utilisations as   
will be clarified in Table 5.10. Consequently, the pressure drop in the hydrogen- 
steam loop and the ejector driving flow conditions that are necessary to overcome  
this pressure drop are kept constant, whereas the ejector compressor ‘specific’ energy 
consumption varies with the quantity of produced oxygen. To sum up, as current 
density is raised from 500 to 1000 A/m2, the net effect on the system is a 65.8% 
increase in its electricity demand. 
 
The stack operating voltages and the system electricity consumption as a function of 
current density, evaluated at the operating conditions in Table 5.3 and IIT of 100 K 
are given in Table 5.10. As can be seen, current density is increased by increasing the 
fuel (and steam) utilisation at a fixed volume flow rate of the hydrogen-steam loop, 
rather than by increasing its volume flow rate, in order to simplify the design of the 
ejector as explained earlier. The equivalent values of the hydrogen/steam composition 
at the SOFC anode inlet that ensure continuous circulation in the hydrogen-steam loop 
are listed. The following can be noted in terms of the energy consumption of the 
system in comparison with conventional technologies for oxygen production. It is 
now apparent that the SOFC-SOEC system for oxygen production cannot compete 
with the cryogenic air separation technology that is used for the large to medium 
production scale (>100 TPD) at high purity (> 95%), which is characterised with a 
relatively low specific energy consumption of 0.20 and 0.25 kWh/kg O2
 for the 
oxygen purity of 95 and 99.5 mol%, respectively [18,19]. However, the SOFC-SOEC 
system can still compete with pressure swing adsorption (PSA) systems that are used 
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for the small scale production of oxygen at a lower purity (< 95%), characterised with 
a specific energy consumption in the range of 0.7-1 kWh/kg O2 for the production 
capacity of 0.03-10 TPD (higher energy consumption for smaller production) [20,21]. 
For instance, the specific energy consumption of the SOFC-SOEC system at a current 
density of 500 A/m2 is about half of that for a PSA system producing 0.03 TPD. 
Moreover, the SOFC-SOEC system has the additional advantage of producing high 
purity oxygen at the small scale on-site in comparison with PSA systems, avoiding the 
various losses associated with the transport and storage of centrally-produced oxygen 
(via cryogenic air separation) when high purity oxygen is required. Therefore, the 
system should be operated at current densities below 1200 A/m2 in order to retain its 
competitiveness against PSA systems. A comparison of the energy consumption for 
the different oxygen production technologies is illustrated in Figure 5.4. 
 
 
Table 5.10: Stack operating voltages and electrical energy consumption of the system 
as a function of current density, evaluated at the operating conditions in Table 5.3 and 
a temperature increase across the SOFC cathode of 100 K   
Current  
Density  
[A/m2] 
Fuel (Steam)  
Utilisation  
[%] 
SOFC Anode  
Inlet (H2/H20)  
[mol%] 
SOFC  
Voltage 
[V] 
SOEC  
Voltage  
[V] 
System Electrical  
Energy Demand  
[kWh/kg O2] 
400 38.7 62/38 0.883 0.999 0.462 
500 46.2 65/35 0.875 1.010 0.511 
600 52.9 68/32 0.867 1.020 0.569 
700 59.2 71/29 0.858 1.032 0.632 
800 64.9 74/26 0.848 1.043 0.701 
900 70.1 77/23 0.838 1.055 0.773 
1000 75 80/20 0.828 1.067 0.848 
1100 79.5 83/17 0.817 1.079 0.925 
1200 83.7 86/14 0.805 1.090 1.034 
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Figure 5.4. Model-predicted energy consumption of the SOFC-SOEC system in 
comparison with conventional technologies for oxygen production 
 
    
5.3.5. Techno-economic Considerations 
 
The analysis thus far has focused on quantifying and improving the performance of 
the SOFC-SOEC system in terms of energy efficiency. As observed in the previous 
section, the SOFC-SOEC system has several advantages over PSA systems in terms 
of the purity of oxygen, efficiency of supply and energy efficiency as long as the stack 
current density does not exceed 1200 A/m2. As stated in Section 3.4.5, the ‘optimum’ 
choice of current density involves a trade-off between the operating and capital costs 
of the system (lower electricity demand but larger cell areas for lower current density 
at a fixed oxygen production rate). This section serves to evaluate this trade-off and 
propose a design point of the SOFC-SOEC system through the method of Equivalent 
Annual Cost (EAC). Table 5.11 defines the economic assumptions utilised in this 
study, whilst Figure 5.5 presents the EAC and its constituents as a function of current 
density, evaluated at the operating conditions listed in Table 5.3 and IIT of 100 K. 
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Table 5.11: Economic assumptions for the equivalent annual cost (EAC) calculation 
Parameter  Value [unit]  
SOFC stack cost  
(pre-mark-up including system assembly, test and conditioning) 
964  [$/kW] 
Balance of Plant (BoP) cost  
(excluding fuel supply, water supply and fuel reforming)  
5915  [$/kW]  
Operating lifetime 5  [years] 
Discount rate 7.5  [%] 
Electricity cost 0.1083  [$/kWh] 
Hours of operation annually 8760  [h] 
Oxygen production output 2  [L/min] 
 
  
 
A summary of the economic assumptions used in this analysis is given in Table 5.11. 
The SOFC stack and balance of plant (BoP) costs are adopted from the relatively 
detailed, independent assessment of the manufacturing cost of 1 and 5 kW SOFC 
systems for auxiliary power units (APU) applications, especially prepared for the US 
Department of Energy (DOE) Fuel Cell Technologies Office [22]. The following 
costs are based on 1 kW SOFC systems produced using high-volume manufacturing 
processes at 50,000 units annual production. The SOFC stack cost of 964 $/kW is the 
pre-mark-up cost including system assembly, test and conditioning. The ‘modified’ 
BoP cost of 5915 $/kW excludes the cost of equipments that are not relevant to the 
SOFC-SOEC system such as the cost of fuel supply, water supply and fuel reforming 
equipments. The capital cost of the SOFC-SOEC system is therefore calculated in this 
analysis as the sum of the BoP and twice the SOFCs costs to account for the SOECs 
contribution. The system operating lifetime of five years is taken from a techno-
economic analysis of hydrogen production via high temperature electrolysis [23], 
consistent with the US DOE technical targets for stationary, micro-CHP (1-25 kW) 
units (2015 status) [24]. The discount rate of 7.5% is the average, real discount rate 
for renewable energy projects in the Organisation for Economic Cooperation and 
Development (OECD) countries and China considered in a recent report by the 
International Renewable Energy Agency (IRENA) [25], which is also the average 
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value of the 5 and 10% discount rates reported by the International Energy Agency 
(IEA) for various electricity generation technologies worldwide [26]. The cost of 
electricity of 10.83 cents per kWh is the average price across all sectors in the US as 
reported by the US Energy Information Administration (EIA) [27]. A production rate 
of 2 L/min of oxygen is used as a basis in this analysis, which is a typical throughput 
of a lab oxygen delivery system capable of producing up to 10 T-cylinders of high 
purity oxygen per month.  
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Figure 5.5. Annualised capital cost, annual energy cost and equivalent annual cost 
(EAC) of the system as a function of current density, evaluated at the operating 
conditions listed in Table 5.3 and a temperature increase across the SOFC 
cathode of 100 K (Economic assumptions are given in Table 5.11) 
 
One of the main methods for comparing alternatives in engineering economics is the 
equivalent annual cost (EAC) [28], defined as the annual cost of owning, operating 
and maintaining an asset over its lifetime5. The trade-off between the operating and 
                                                 
5 Calculated by dividing the net present value of an asset by the present value annuity factor ,t rA : 
,
1 (1 ) t
t r
r
A
r
 
 ,  where r  is the discount rate and  t  is the number of years. 
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capital costs of the SOFC-SOEC system is analysed here using the EAC method. The 
following has been assumed whilst conducting this analysis: capital cost covers the 
stack and BoP costs including the system assembly, test and conditioning; electricity 
cost is the only contributor to operating cost [29]; constant performance of the system 
throughout its lifetime (i.e. no degradation in the system performance that requires 
increased electricity consumption); negligible maintenance cost of the system [29]. 
Figure 5.5 demonstrates the EAC and its constituents, the annualised capital cost and 
the annual electricity cost, as a function of current density, evaluated at the operating 
conditions in Table 5.3, IIT  of 100 K and the economic assumptions listed in 
Table 5.11. At the first glance, a resemblance can be observed between this figure  
and that of the thermodynamic of steam electrolysis as a function of temperature 
(Figure 2.1). The EAC is insensitive to current density in the range of analysis and  
the given economic assumptions (< 0.6% variation in EAC in the 400-1200 A/m2 
current density range), whereas the trade-off between the annualised capital cost and 
annual energy cost is apparent. Given the insensitive EAC, it is logical to operate at 
the lower range of current density due to the low energy consumption of the system 
and the plausible prolonged stack life owing to the lower cell degradation in this 
range. In addition, a minimal EAC value is found near the current density of 
500 A/m2 coincidently; the EAC is relatively high at 400 A/m2 ($1058.3), declines at 
ca. 500-600 A/m2 ($1057.8) then starts rising again with higher current densities 
($1064.5 at 1200 A/m2). Hence, a current density of 500 A/m2 is selected as the 
optimum ‘design point’ for the SOFC-SOEC system for oxygen production, although 
as shown above, the system is proven to be flexible and can be operated at the       
400-1200 A/m2 current density range without compromising the EAC of the system, 
whilst still holding several advantages over PSA systems. At the current density of 
500 A/m2, the annual electricity costs is $83.2 and the annualised capital cost is 
$974.6, representing ca. 8 and 92% of the EAC of the SOFC-SOEC system, 
respectively. Of note is the extremely low contribution of the cost of electricity to   
the total cost of oxygen production, in contrast with that found in electrolytic oxygen 
(or hydrogen) production in standalone SOEC systems, where the latter represents   
ca. 66-80% of the total production cost as discussed in Section 2.4 [30-32].  
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5.3.6. System and Component Performance at the Design Point 
 
The previously presented analysis in Sections 5.3.3-5.3.5 identified a candidate  
design point for the SOFC-SOEC system for oxygen production, being the operating 
conditions listed in Table 5.3, a 100 K temperature increase along the SOFC cathode   
and a current density of 500 A/m2 (Case 5.B). In this section, performance at this 
design point is presented and analysed in further detail. This includes the process 
properties by state point, temperature profiles of the cell solid parts, recuperator 
composite curve and heat exchange area, and the contribution of the SOFC-SOEC 
stack and BoP to the energy consumption of the system at the design point.  
 
Table 5.12: Process properties by state point for the system flowsheet (Figure 5.2), 
evaluated at the system design point (operating conditions of Table 5.3, temperature 
increase across the SOFC cathode of 100 K and current density of 500 A/m2) 
Stream  
No. 
Temp. 
[K] 
Press. 
[bar] 
Specific Flow Rate Composition  
[mol%] 
Mass  
[kg/kg O2] 
Molar 
[kmol/kg O2] 
H2 
 
H2O N2 O2 
1 288.0 1.013 12.70 0.4404 0.00 0.00 0.79 0.21 
2 290.3 1.033 12.70 0.4404 0.00 0.00 0.79 0.21 
3 1023.0 1.028 12.70 0.4404 0.00 0.00 0.79 0.21 
4 1123.0 1.018 11.70 0.4091 0.00 0.00 0.85 0.15 
5 440.1 1.013 11.70 0.4091 0.00 0.00 0.85 0.15 
6 1122.8 1.013 1.46 0.1918 0.65 0.35 0.00 0.00 
7 1102.2 1.029 1.59 0.2084 0.65 0.35 0.00 0.00 
8 1123.0 1.021 2.58 0.2084 0.35 0.65 0.00 0.00 
9 1122.8 1.013 0.13 0.0167 0.65 0.35 0.00 0.00 
10 623.0 1.008 0.13 0.0167 0.65 0.35 0.00 0.00 
11 871.0 2.630 0.13 0.0167 0.65 0.35 0.00 0.00 
12 1122.8 1.013 1.00 0.0313 0.00 0.00 0.00 1.00 
13 440.1 1.008 1.00 0.0313 0.00 0.00 0.00 1.00 
14 308.0 1.013 1.00 0.0313 0.00 0.00 0.00 1.00 
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Table 5.12 details the process properties by state point for the system flow diagram 
shown in Figure 5.2, in terms of temperature, pressure, specific mass and molar flow 
rates and compositions. The desired temperature of the SOFC cathode inlet (stream 3) 
is obtained through the designed recuperator thermal duty, whilst that of the SOFC 
cathode outlet (stream 4) is obtained by varying the air flow rate in the air blower 
(stream 1). The latter dictates the recuperator approach temperature (100 K) as well as 
the stack outlet temperatures (streams 8, 6, 9 and 12). As can be shown, the system 
operates and produces oxygen at ambient pressure. The specific mass and molar flow 
rates are reported in reference to one kg of oxygen production (for simplicity). 
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Figure 5.6. Thermal energy required by the steam electrolysis reaction (T S ) and 
that generated by the SOEC overpotentials ( 2 totalF ) as a function of current            
density for the SOEC component evaluated at a temperature of 1123 K,                 
pure O2 at its anode and 50/50 mol% of H2O/H2 at its cathode  
 
 
Figure 5.6 demonstrates the endothermic, thermoneutral and exothermic modes of 
operation for the SOEC component at the system design point. These are determined 
using the validated electrochemical sub-model only (Section 5.2.3), evaluated at the 
assigned operating temperature and the average composition between the cell inlet 
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and outlet (i.e. 0-D approach). The thermoneutral point of the SOEC component at  
the system design point is found to be ca. 4940 A/m2, where heat generated by the 
SOEC overpotentials ( 2 totalF ) equals that required for the steam electrolysis reaction 
(T S ). This value is comparable to that of the thermoneutral point of an SOEC that 
use generic materials data and kinetic parameters and operate at 1023 K (5500 A/m2 
as shown in Figure 2.2), which was evaluated through the 0-D approach using only 
the non-validated SOEC electrochemical model presented in [3]. Most importantly,   
this confirms that the system design point lies in the endothermic mode of SOEC 
operation, where the SOEC ‘heat sink’ benefits from the external heat available from 
the SOFC ‘heat source’ as will be evident in Figure 5.7.  
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Figure 5.7. Model-predicted temperature profiles of the SOFC PEN, SOFC-SOEC 
Interconnect and SOEC PEN at the system design point 
  
 
The model-predicted temperature profiles of the solid parts including SOFC PEN, 
SOEC PEN and SOFC-SOEC Interconnect at the system design point are provided in 
Figure 5.7. Overall, the thermal integration between the SOFC ‘heat source’ and the 
SOEC ‘heat sink’ through the SOFC-SOEC Interconnect across the cell length is 
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evident; an average temperature difference of 1 K exists between the SOFC PEN and 
SOEC PEN. Simulations also show a minimum in the SOEC PEN temperature profile 
at ca. 2 mm from the cell inlet, which can be attributed to the following. Firstly, in   
the very narrow range close to the cell inlet (0-2 mm along the cell), the temperature 
of the SOFC PEN is somewhat lower than that of the SOEC PEN due to the slight 
local ‘cooling effect’ induced by the lower air inlet temperature (1023 K) compared to 
the cell outlet ‘operating’ temperature (1123 K). In this narrow range, the SOEC PEN 
temperature decreases along the cell as expected in the endothermic mode of SOEC 
operation. Secondly, at ca. 2 mm, the SOFC PEN temperature surpasses the SOEC 
PEN temperature and the latter profile starts following that of the former due to the 
strong thermal integration between the SOFC ‘heat source’ and the SOEC ‘heat sink’. 
Moreover, it can be seen that the general constraint of a 100 K maximum allowable 
total temperature difference along the cell is not violated (39.5 K in this case), and  
the more stringent constraint of a 10 K/cm maximum allowable temperature gradient 
along the cell is met6. Therefore, excessive thermal stresses on the thin and brittle 
ceramic electrolytes that may lead to materials failure do not pose a threat to system 
operation in general at the design point.  
 
Extra information that may complement the model-predicted temperature profiles 
discussed above include the model-predicted current density and chemical species 
profiles along the cell (Figures C.2-C.4, Appendix C). These profiles represent the 
‘reference case’ reported in the 1-D stack model paper by Iora et al [5]. Although 
these profiles were generated using different operating conditions7 than those of the 
design point considered here, they share the following common remarks. Close to the  
cell inlet, the lower temperatures of the SOFC PEN and SOEC PEN lead to higher 
overpotentials and subsequently higher SOFC and SOEC local current densities as 
can be seen in Figure C.2. In addition, the higher SOFC and SOEC local current 
densities near the cell inlet translate into higher rates of generation of products and 
consumption of reactants as can be inferred from the fairly large gradients of the 
chemical species profiles near the cell inlet, illustrated in Figures C.3 and C.4. Vice 
                                                 
6 Except at the narrow range close to the cell inlet, where only the local temperature gradient of the 
SOFC PEN is ca. 15 K/cm, due to the local air ‘cooling effect’ indicated above. 
  
7 Evaluated at an SOFC cathode inlet temperature of 973 K, outlet temperature of 1023 K, system 
operating pressure of 1.013 bar, SOEC anode pressure of 0.1 bar and current density of 500 A/m2. 
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versa, as we move along the cell, the higher temperatures of the SOFC PEN and 
SOEC PEN lead to lower SOFC and SOEC local current densities and lower rates of 
generation of products and consumption of reactants. For the design point considered 
here, however, the major differences are expected to be the more uneven distribution 
of the SOFC and SOEC current densities along the cell (i.e. higher and lower local 
current densities near the cell inlet and outlet, respectively) as well as the faster and 
lower rates of generation of products (and consumption of reactants) close to the cell 
inlet and outlet, respectively. The above differences are expected due to the higher 
temperature gradient associated with the higher temperature increase along the cell 
( IIT ) of 100 K at the design point, in comparison with a IIT  of 50 K at the 
‘reference case’ reported in [5]. The stronger uneven current density distribution at 
the deign point might be of interest to analyse in future work. 
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Figure 5.8. Composite curve of the recuperator at the system design point 
 
 
Another issue related to the verification of proper thermal integration at the system 
level is the analysis of the recuperator composite curve. As outlined in Section 3.3.5, 
this ensures that the solution of the energy balance around the recuperator is free of 
any temperature crossovers and violations of the minimum temperature driving force 
constraint. Figure 5.8 illustrates the composite curve of the recuperator at the system 
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design point. As can be seen, temperature crossover does not exist and therefore, the 
recuperator is feasible from a thermodynamic perspective. Moreover, the recuperator 
approach temperature is 100 K at the upper ‘hot’ end and is found to be ca. 150 K at 
the lower ‘cold’ end. Therefore, the minimum temperature driving force constraint of 
100 K within the recuperator is not violated. The thermal duty of the recuperator is 
found to be 2.623 kWh/kg O2, determined by the ‘heat flow’ overlap of the hot and 
cold composite curves. 
 
 
Table 5.13: Recuperator characteristics at the operating conditions listed in Table 5.3, 
500 A/m2 current density and temperature increases across the SOFC cathode ( IIT ) 
of 100 K (the design point, Case 5.B) and 50 K (Case 5.A) 
Recuperator Characteristics 
Case 5.B 
(ΔTII  =  100 K) 
Case 5.A 
(ΔTII   =  50 K)  
Heat duty for 1 kg oxygen output [kWh/kg O2] 2.623 6.392 
Heat duty for 2L/min oxygen output [kW] 0.450 1.097 
Log Mean Temperature Difference ( LMTD )  [K] 123.2 58.7 
Recuperator heat exchange area [m2]  0.0146    0.0747 
 
 
With respect to the recuperator thermal duty and heat transfer area, and as suggested 
in Section 5.3.3, a higher temperature increase along the cell is not only favoured in 
terms of the stack efficiency and the overall system performance, but also in terms of 
reducing the recuperator heat transfer area and consequently, the capital cost of the 
recuperator and the overall system. A proof of the latter is given in Table 5.13, where 
a comparison is conducted between the recuperator characteristics (heat duty, Log 
Mean Temperature Difference ( LMTD ) and heat transfer area) at the operating 
conditions listed in Table 5.3, current density of 500 A/m2 and temperature increase 
across the SOFC cathode of 100 K (the design point, Case 5.B) and 50 K (Case 5.A). 
The recuperator composite curve evaluated at the conditions of ‘Case 5.A’ as well as 
the calculation of the LMTD and the recuperator heat exchange area are provided in 
Appendix D. As can be seen, an increase of IIT from 50 to 100 K results in a lower 
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recuperator heat duty and a higher LMTD , both leading to a significant decrease in 
the heat exchange area of ca. 80% from 0.0747 to 0.0146 m2. As established in the 
previous section, the annualised capital cost contributes to ca. 92% of the equivalent 
annual cost (EAC) of the system. Furthermore, the heat exchange components cost 
represents ca. 28% of the capital cost of the SOFC-SOEC system8. Therefore, it is 
reasonably expected that both the capital cost and the EAC of the system will be 
reduced due to the reduction of the recuperator heat exchange area as a result of the 
higher temperature increase along the cell ( IIT ) employed at the design point. 
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Figure 5.9. Contribution of the SOFC-SOEC stack and the balance of plant to  
the overall system electrical energy demand at the system design point 
 
 
 
Figure 5.9 illustrates the contribution of the SOFC-SOEC stack, air blower, ejector 
compressor and oxygen blower to the system electricity demand of 0.511 kWh/kg O2 
at the system design point. As can be observed, the SOFC-SOEC stack performance is 
of paramount significance as it consumes 0.449 kWh/kg O2, contributing to ca. 87.9% 
of the system electricity demand. Further improvements of the system performance 
should therefore focus on stack materials and designs dedicated to oxygen production 
                                                 
8 Heat exchange components cost of $2061 out of the $7440 capital cost of the SOFC-SOEC system 
per 1 kW SOFC equivalent. Capital costs are provided in Section 5.3.5 and are based on reference [22]. 
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through the SOFC-SOEC integration, which are not readily available at the present. 
With a 10% share of the system energy demand, the ejector compressor is the second 
most energy-consuming part of the system. The ejector design requires a parallel 
attention given the trade-off between its compressor electricity consumption and that 
of the SOFC-SOEC stack at different reactants utilisation as previously suggested     
in Section 5.3.1. On the other hand, air and oxygen blowers have relatively low 
contributions of ca. 1.9 and 0.2% to the system electricity demand, respectively, and 
are readily available in the market at all sizes, thus requiring the least attention. 
 
 
5.4. Conclusions 
 
A one-dimensional model of an electrolyte-supported planar SOFC-SOEC stack has 
been presented and applied to an energy analysis of oxygen production through 
SOFC-SOEC integration. The contribution of experimental validation and distributed 
modelling to model predictions has been assessed. A sensitivity analysis has been 
performed to quantify the effect of important variables such as the stack operating 
temperature and current density on the system performance, followed by a techno-
economic appraisal of the system to define the system design point.    
 
A comparison between the analysis of Chapter 3 and the current analysis has shown 
the significant contributions of experimental validation and distributed modelling on 
enhancing the predictions of the SOFC-SOEC stack model. For example, at a stack 
outlet temperature of 1073 K, pressure of 1.013 bar and current density of 500 A/m2, 
the stack energy consumption increases from 0.26 to 0.55 kWh/kg O2 as predicted in 
the analyses of Chapters 3 and 5, respectively, a difference of which 76% is due to  
the effect of inputting data derived from experimental validation. The sensitivity 
analysis has shown the benefit of a higher temperature increase along the cell length 
on the stack efficiency and overall system performance at different current densities, 
primarily due to an increase in the average cell temperature and subsequent reduction 
of the SOEC operating voltage, despite a reduction of the SOFC operating voltage at 
relatively low current densities. Moreover, a higher temperature increase along the 
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cell was also found advantageous in terms of reducing the recuperator heat exchange 
area and consequent reduction of the system capital cost. The sensitivity analysis has 
confirmed the advantages of the system over PSA systems in terms of oxygen purity, 
output flexibility and energy efficiency with a predicted energy consumption of 0.46-
1.03 kWh/kg O2 at an SOFC cathode inlet temperature of 1023 K, outlet temperature 
of 1123 K, pressure of 1.013 bar and current density range of 400-1200 A/m2. Via a 
techno-economic study, the equivalent annual cost (EAC) of the system was observed 
to be almost insensitive to changes in current density in the range of analysis and the 
considered economic assumptions (< 0.6% variation in EAC in the range of 400-
1200 A/m2), indicting that the system can be operated anywhere in this range without 
compromising the EAC.  
 
A potential design point of the system has been selected at a current density of 
500 A/m2, which gives the minimum EAC of the system ($1057.8), a low energy 
consumption (0.511 kWh/kg O2) and a probable low cell degradation. At this design 
point, the annual energy cost and annualised capital cost were found to be 8 and 92% 
of the system EAC, respectively, revealing an extremely low contribution of the cost 
of electricity to the total cost of production. At the design point, adequate thermal 
integration has been demonstrated at the stack level, between the SOFC and SOEC 
without violating the maximum tolerable temperature gradient of 100 K along the 
cell, and also at the system level, where the recuperator was confirmed to be free of 
temperature crossovers and violations of the minimum approach temperature. The 
SOFC-SOEC stack was predicted to provide the largest contribution to the overall 
system energy consumption (87.9%), implying that additional improvements in the 
system performance can be achieved through innovative stack materials and designs 
specially devoted to oxygen production through SOFC and SOEC integration. 
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Chapter 6 
 
Conclusions and Future Work  
 
 
6.1. Main Conclusions 
 
The SOFC-SOEC system for oxygen production, originally proposed by Iora and 
Chiesa, can in principle be operated at a range of scales due to the modular nature of 
the SOFC and SOEC technologies. They reported a specific energy consumption of 
the system that is an order of magnitude lower than that of oxygen production through 
steam electrolysis using SOEC standalone systems, significantly lower than that of 
small scale PSA systems, and comparable to that of cryogenic air separation units for 
the large to medium production scale. Although the reported results were very 
competitive from an overall energy perspective, the novelty of the system and the 
absence of a detailed methodology necessitated a thorough examination of the 
process. In this study, a system-level, model-based analysis has been conducted, with 
an emphasis on the SOFC and SOEC components. The nature of the thermal and 
electrical coupling between the SOFC and SOEC has been investigated, and the effect 
of various operating conditions on the system performance has been explored. 
 
An energy system analysis based on the lumped-parameter modelling of the SOFC, 
SOEC and balance of plant has been conducted to evaluate the initial feasibility of the 
SOFC-SOEC system for oxygen production. A good agreement was obtained with the 
results of the reference analysis at the baseline case. In addition, adequate thermal 
integration was verified at the system level. The sensitivity analysis showed a large 
reduction in the stack and system electricity consumption as the operating temperature 
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increases. It was also found that the high risk of materials failure associated with the 
SOEC anode pressure reduction outweighs the marginal benefit on the system energy 
consumption and therefore atmospheric pressure operation should be considered. The 
sensitivity analysis on the system performance predicted an energy consumption that 
is significantly less than that of PSA systems. However, the significant contribution  
of the SOFC-SOEC stack energy consumption, which accounted for 87-94 % of the 
overall system energy demand, along with the use of non-validated electrochemical 
models in that analysis has suggested that there is a need for a thorough examination 
of the adopted electrochemical models through experimental validation.  
 
The parameter estimation technique has been implemented to validate the SOEC 
electrochemical model based on SOEC stack and SRU data. The analysis of the first 
validation attempt based on a 5-cell stack data fitted into an existing cathode-
supported SOEC electrochemical model showed a poor quality of estimation reflected 
by large confidence intervals due to the limited information contained in that set of 
data. A comparison between the stack and SRU tests pointed out the better controlled 
and favourable conditions in the SRU test in terms of the available experimental data, 
description of cell materials and dimensions, location of thermocouples, maximum 
allowable steam utilisation and the gas flow arrangements. In the second validation 
attempt, the SRU data was fitted into a newly-developed electrochemical model of an 
electrolyte-supported SOEC. The significance of considering contact resistance was 
revealed, key parameters of the electrochemical model were estimated with 
confidence, and a good agreement was observed between the experimental and 
model-predicted cell potential within the bounds of experimental error across all 
operating conditions. Symmetrical behaviour between the electrolysis and fuel cell 
modes was confirmed for the electrolyte-supported SOEC utilised in the SRU test, 
allowing the use of the extracted parameters into an electrochemical model for an 
electrolyte-supported SOFC. 
 
To further improve the prediction accuracy of the stack and system performance,     
the experimentally-validated electrochemical model of electrolyte-supported solid 
oxide cells has been integrated into a 1-D model of an electrolyte-supported planar 
SOFC-SOEC stack, comprising mass and energy balances coupled with the 
electrochemical sub-model. A significant contribution of experimental validation on 
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enhancing the prediction accuracy of the stack model was observed. The sensitivity 
analysis indicated the benefits of operating with a higher temperature increase along 
the cell on increasing stack efficiency and system performance at different current 
densities as well as reducing the recuperator heat exchange area with a resulting 
reduction of the system capital cost. The sensitivity analysis confirmed the advantages 
of the system over PSA systems in terms of energy efficiency and oxygen purity, with 
a predicted energy consumption of 0.46-1.03 kWh/kg O2 at an SOFC cathode inlet 
temperature of 1023 K, outlet temperature of 1123 K, atmospheric pressure and 
current density range of 400-1200 A/m2. 
 
The techno-economic study revealed that the equivalent annual cost of the system is 
almost insensitive to changes in current density in the range of analysis and the 
considered economic assumptions, suggesting that the system can be operated 
anywhere in that range. A potential design point was selected at a current density of 
500 A/m2, which gave the minimum equivalent annual cost (EAC), a low energy 
consumption (0.511 kWh/kg O2) and a probable lower stack degradation rate. An 
extremely low contribution of the electricity cost to the total cost of production was 
found at the design point (ca. 8%). In addition, adequate thermal integration was 
demonstrated at the stack level between the SOFC and SOEC without violating the 
maximum allowable temperature gradient along the cell, and at the system level 
within the recuperator. It was confirmed that the stack provides the largest 
contribution to the system energy consumption, suggesting that future improvements 
in the system performance should be focused around innovative stack materials and 
designs specially dedicated to oxygen production through SOFC-SOEC integration. 
 
 
6.2. Future Recommendations  
 
The following are key suggestions for researchers wishing to develop this project 
further, outlined in a thematic order: 
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Experimental Validation:  
 
The electrochemical models have been experimentally-validated assuming spatially-
constant, average values for temperature, current density and gas composition along 
the cell using the lumped-parameter approach. This is certainly in-line with the vast 
majority of validation attempts in the literature. Nevertheless, for more accurate stack 
predictions, the full 1-D stack model including the mass and energy balances coupled 
with the electrochemical sub-model could be validated by measuring the local current 
densities and temperature profiles along the cell, and estimating the electrochemical 
and thermo-physical model parameters simultaneously. However, this would require 
assembling and testing a stack of single or multiple SOFC-SOEC cells. 
 
Other suggestions to improve the experimental validation of the electrochemical 
model alone would include the minimisation of reactants utilisation by increasing the 
reactants flowrates; instrumenting thermocouples close to the PEN structures where 
the reactions take place; and conducting the experiment at more operating conditions, 
especially various temperatures given the strong non-linearity associated with the 
calculation of the electrodes activation overpotentials. In reference to the latter 
suggestion, the Design of Experiment tool (available in gPROMS) can be used to 
determine the optimum set of operating conditions that provide maximum information 
to the parameter estimation problem.       
 
 
SOFC-SOEC Stack Model: 
 
The stack materials used in the SRU and stack experimental tests, and the resulting 
estimated electrochemical parameters obtained from such validations and applied into 
the system analysis were dedicated to steam electrolysis mode of operation. The stack 
and system performance could therefore be significantly improved by focusing on 
innovative materials that are optimised for the simultaneous operation of fuel cell   
and electrolysis modes such as those used in reversible solid oxide cells. 
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Slight modifications to the existing 1-D, planar, co-flow SOFC-SOEC stack model 
would allow researchers to examine the counter-flow configuration, whilst extensive 
modifications could support the development of a 2-D stack model to study the cross-
flow configuration, or a 3-D model to study the thermal end effects (vertically along 
the stack). In addition, the development of the 2-D and 3-D models would further 
enhance the prediction of the stack and system performance. 
 
   
System Design and Operation:  
 
The sensitivity of the reactants utilisation factor on the energy consumption of the 
whole system was not explicitly studied in this work, but a fixed ‘optimum’ value was 
used instead. A further enhancement on the system performance can be achieved by   
a thorough design of the ejector given the trade-off between its compressor specific 
energy consumption and that of the stack at different utilisation factors. 
 
Although the current work has mainly focused on the steady-state performance of the 
stack and system, the developed 1-D stack model has a dynamic capability which can 
be combined with a dynamic model of the recuperator to study the dynamic behaviour 
of the overall system. Assuming that the thermal response of the recuperator is slower 
than the electrochemical response of the stack, it would be expected that the dynamic 
behaviour of the overall system would be limited by the dynamic response of the 
recuperator. Coupled with newly-developed control strategies, dynamic issues that 
should be studied may include scenarios such as the start-up, shut-down or change    
of oxygen demand and their effect on temperature control within the stack and 
recuperator as well as the induced thermal stresses on the system materials.  
   
Finally, the developed 1-D SOFC-SOEC stack model, along with some of the above 
recommendations, can be applied to study other systems that mainly depend on the 
integration of SOFC and SOEC such as the hydrogen production system and the      
tri-generation system for the production of hydrogen, electricity and heat mentioned 
in Section 1.3. 
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Appendix A 
 
Experimental Data of the 5-cell SOEC Stack Test 
 
Table A.1: Experimental polarisation curve data obtained from the EIFER 5-cell stack 
test at different operating temperatures and cathode inlet gas compositions  
SOEC Cathode Inlet 
Gas Composition a [Vol.%] 
90% H2O + 10% H2 b 64% H2O + 36% H2 c 50% H2O + 50% H2 d 
Temperature [K] 1095 1040 1095 1040 1095 1040 
Current Density [A/m2] Middle-cell Potential [V] 
5000 1.186 1.356 1.210 1.364 1.252 1.406 
4750 1.170 1.332 1.194 1.341 1.231 1.373 
4500 1.153 1.308 1.179 1.319 1.210 1.350 
4250 1.137 1.285 1.164 1.297 1.190 1.322 
4000 1.120 1.261 1.148 1.275 1.171 1.298 
3750 1.103 1.237 1.133 1.253 1.153 1.275 
3500 1.087 1.214 1.118 1.231 1.137 1.252 
3250 1.069 1.190 1.103 1.210 1.118 1.229 
3000 1.052 1.167 1.088 1.189 1.099 1.205 
2750 1.034 1.142 1.072 1.167 1.082 1.185 
2500 1.017 1.118 1.057 1.145 1.065 1.162 
2250 1.000 1.093 1.041 1.123 1.048 1.138 
2000 0.982 1.068 1.025 1.100 1.031 1.116 
1750 0.963 1.042 1.009 1.077 1.013 1.092 
1500 0.945 1.016 0.993 1.054 0.995 1.071 
1250 0.927 0.990 0.978 1.031 0.978 1.048 
1000 0.907 0.962 0.961 1.007 0.961 1.025 
750 0.888 0.934 0.946 0.984 0.943 1.002 
500 0.868 0.906 0.930 0.960 0.925 0.979 
250 0.847 0.877 0.914 0.936 0.907 0.957 
0 0.826 0.847 0.897 0.912 0.890 0.933 
a. SOEC anode inlet was fixed at 4000 NmL/min of air throughout the different runs 
b. SOEC cathode inlet flowrates of 3600 and 400 NmL/min of H2O and H2, respectively     
c. SOEC cathode inlet flowrates of 3600 and 2000 NmL/min of H2O and H2, respectively  
d. SOEC cathode inlet flowrates of 2000 and 2000 NmL/min for H2O and H2, respectively  
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Appendix B 
 
Input Parameters for the Electrochemical  
Model of Cathode-supported SOECs  
Used in the 5-cell Stack Test 
 
 
Table B.1: Fixed parameters for the electrochemical model of cathode-supported 
SOECs used in the EIFER 5-cell stack test 
Parameter  Value [unit]  
Cathode thickness, cathode  280  [μm] 
Anode thickness, anode  10  [μm] 
Electrolyte thickness,
electrolyte  10  [μm] 
Cathode electronic conductivity, cathode    80000  [S/m] 
Anode electronic conductivity, anode    8400  [S/m] 
Electrolyte ionic conductivity, 
electrolyte    
33.4 103 exp (-10.3 103/T)  
[S/m] 
Anode effective diffusivity, 
,eff anodeD  1.37 10
-5 [m2/s] 
Cathode pre-exponential factor, cathodek  6.54 10
11  [S/m2] 
Anode pre-exponential factor, anodek  2.35 10
11  [S/m2] 
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Appendix C 
 
Materials from the Published 1-D Stack Model 
Journal Paper by Iora et al. [1] 
   
This appendix reproduces the significant and relevant results that support this thesis, 
which have been published in the 1-D, co-flow SOFC-SOEC stack model journal 
paper by Iora et al. [1], using the 1-D stack model and the related input parameters  
and system simulation assumptions reported therewithin. These results were evaluated 
at an SOFC cathode inlet temperature of 973 K, outlet temperature of 1023 K, system 
operating pressure of 1.013 bar, SOEC anode pressure of 0.1 bar and current density 
of 500 A/m2 (referred to as the ‘reference case’ in the published paper [1] and below).   
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Figure C.1. Energy consumption of the SOFC-SOEC system and its components as a 
function of the fuel and steam utilisation evaluated at the reference case [1]  
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Figure C.2. Model-predicted current density profiles of the SOFC and SOEC            
evaluated at the reference case [1]     
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Figure C.3. Model-predicted molar fraction profiles along the SOFC anode              
and cathode evaluated at the reference case [1]     
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Figure C.4. Model-predicted molar fraction profiles along the SOEC cathode              
evaluated at the reference case [1]     
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Appendix D 
 
Calculation of the Recuperator Heat Exchange Area  
 
 
The general equation for a counter-flow recuperator with sensible heat transfer (i.e. no 
phase change), assuming constant specific heats on both sides, is given by [1,2]: 
 
Q U A LMTD      Eqn. D.1 
 
Where Q is the recuperator heat duty [W], U is the overall heat transfer coefficient 
[W/(m2 K)], A is the heat exchange area [m2] and LMTD is the Logarithmic Mean 
Temperature Difference [K] defined by Equation D.2 [1]:  
 
1 2
1 2ln ( )
T T
LMTD
T T
 

 
    Eqn. D.2 
Where 1T  and 2T are the recuperator approach temperatures. 
 
U is assumed to have a value of 250 W/(m2 K), an average value for a compact heat 
exchanger design operating at ambient pressure reported in [3], whilst the values of 
Q and LMTD are determined from the recuperator composite curve as the overlap of 
the hot and cold composite curves and from the approach temperatures at the hot and 
cold ends, respectively. The energy balance of a multi-stream recuperator along with 
the simplifying assumptions and the need for the recuperator composite curve have 
been previously outlined in Section 3.3.5.  
 
For instance, at the conditions of ‘Case 5.A’ with a 50 K temperature increase along 
the cell, the recuperator composite curve is shown in Figure D.1, and the recuperator 
heat exchange area can be calculated as follows: 
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Figure D.1. Composite curve of the recuperator for ‘Case 5.A’  
 
Similarly, at the system design point (Case 5.B) with a 100 K temperature increase 
along the cell, the recuperator composite curve has been illustrated in Figure 5.8, and 
the recuperator heat exchange area can be calculated as follows: 
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